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Abstract 
Scoliosis is a complex, three-dimensional and often progressive spinal 
deformity which is characterised by an abnormal lateral curvature of the spinal 
column.  Adolescents are by far the largest group of patients to suffer from 
scoliosis in the form of Adolescent Idiopathic Scoliosis (AIS).  Severe and 
progressive scoliosis is treated by surgical instrumentation and fusion of the 
spine.  This is primarily a mechanical intervention to both reduce the size of the 
deformity and limit further deformity progression.  Scoliosis is patient-specific, 
the deformity varying in magnitude, flexibility and in the extent of the spinal 
column affected.  For each patient the surgeon must consider the surgical 
approach, implant configuration, length of spine to include in the fusion and the 
correction to aim to achieve.  Scoliosis correction presents a complex 
biomechanical problem, the treatment for which draws heavily on the 
preferences and experience of each individual surgeon. 
The focus of this study was the surgical correction of AIS by anterior 
instrumentation, which is particularly suited to treating scoliosis in the thoracic 
spine where it is applied using a minimally-invasive thoracoscopic technique.  
Anterior instrumentation consists of a rod anchored to the convex side of the 
deformed spinal column via vertebral body screws.  Compression, applied 
sequentially between each adjacent pair of screws along the length of the 
construct is the key force used to achieve deformity correction.  Post-operative 
implant-related complications include screw pull-out, rod breakage, failed 
fusion (pseudarthrosis) and loss of correction.  Further understanding of the 
complex interaction between implant and spine may lead to improved surgical 
outcomes for AIS patients. 
The overall aim of this thesis was to develop and use novel techniques to 
investigate the biomechanics of anterior scoliosis correction.  Two avenues of 
investigation were pursued.  The first was concerned with the biomechanics of 
the deformity correction itself and consisted of the development of a force 
transducer to determine in vivo the corrective forces applied during the 
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operation.  There is currently no data available on the magnitude of these forces.  
The second was concerned with the post-operative biomechanics of the 
reconstructed spine.  For this investigation an in vitro testing methodology for 
multi-segmental spine specimens was developed using a displacement-
controlled robotic testing facility.  This method was then used to assess the 
effect of anterior instrumentation on the response of the thorax.  Previously 
there have been few biomechanical studies on the thoracic spine which include 
the contribution of the ribcage, none of which have assessed anterior scoliosis 
instrumentation. 
Intra-operatively applied corrective forces were measured in a series of 
15 AIS patients who underwent thoracoscopic anterior scoliosis correction.  
This study found there to be a wide variation in the forces applied, but also 
revealed a trend whereby higher forces generally were applied at spinal 
segments close to the apex of the scoliosis.  Almost a third of the forces applied 
were of magnitudes within the range of (in vitro) screw-vertebra fixation 
strengths reported in the literature.  Measurement of screw orientations within 
fluoroscope images taken both before and after compression suggested that 
screw-vertebra fixation was compromised during compression in a portion of 
segments.  Whether or not a weakening of vertebral body screw fixation intra-
operatively is a precipitating factor in the occurrence of post-operative implant-
related complications remains unclear. 
In vitro biomechanical studies continue to provide a considerable 
contribution toward the evaluation of spinal implants.  The challenge is to 
simulate spinal motions comparable to those experienced by the spine in vivo.  
At present the preferred method for producing in vitro spinal motion is to apply 
a pure moment load.  Another method is to apply a known displacement, usually 
a rotation about a prescribed Center Of Rotation (COR).  The concern in the 
literature is that prescribing a displacement may produce constraining loads 
which are not physiological.  However, the characteristics of displacement-
controlled testing of multi-segment spinal implants has not yet been thoroughly 
examined. 
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Therefore, a novel COR-grid testing protocol was developed to document 
the effect of a fixed-COR on the biomechanical response of the thorax, a bovine 
thoracic spine and ribcage (consisting of 13 vertebrae) providing an 
appropriate analogue for the adolescent spine.  Preliminary testing was 
performed in flexion and extension on specimens in both an intact condition 
and then instrumented with an anterior scoliosis implant.  This testing provided 
a unique and comprehensive dataset which characterised the nature of 
constraining loads induced by testing a multi-segment spine about a fixed-COR.  
COR location was found to have a clear effect on the overall stiffness of the 
spinal column.  A key finding was the identification of a region within the COR-
grid for which placement of a fixed-COR produced minimal constraining loads.  
These regions were unique for both the direction of motion (flexion or 
extension) and the condition of the specimen (intact or instrumented).  It was 
proposed that evaluation of spine behaviour in response to tests performed 
about CORs located within such regions would provide valuable biomechanical 
data. 
Thus, six bovine thoracic spine and ribcage specimens were subjected to 
a COR-grid testing protocol to evaluate the anterior scoliosis implant.  
Specifically, the implant was assessed in terms of its effect on the stiffness of the 
thorax and the redistribution of motion throughout the un-instrumented 
segments.  Two lengths of implant were considered, the first spanning vertebral 
levels T6-T12 and the second spanning T5-T12.  Testing was performed in 
flexion, extension and lateral bending.  An asymmetric stiffening effect in lateral 
bending was identified, the stiffest response in bending toward the side of 
implant attachment.  Redistribution of motion among the un-instrumented 
segments of the thorax was consistently skewed towards the segments 
immediately adjacent to the instrumentation. 
This thesis has provided a novel contribution towards the biomechanical 
understanding of anterior scoliosis correction.  For the first time the magnitudes 
of routinely applied corrective forces have been reported.  This data is crucial 
for use in the development of computer simulations capable of predicting 
surgical outcomes.  The magnitudes reported also suggest there may be value in 
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providing surgeons with real-time force feedback during scoliosis correction.  
The in vitro experimentation has provided important data on how an anterior 
scoliosis implant alters the biomechanics of the entire thorax.  Again, data from 
in vitro studies such as this is required to validate the output produced by in 
silico biomechanical modelling of scoliosis correction.  In addition, the 
capabilities of the COR-grid testing method in mapping changes in a specimen’s 
preferred COR location may prove valuable for the in vitro evaluation of spinal 
implants. 
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 CHAPTER 1
 
Introduction 
 
 
Scoliosis is a complex, three-dimensional spinal deformity characterised 
by an abnormal lateral curvature in the spinal column which is accompanied by 
abnormal axial rotations of the vertebrae.  The severity of a scoliosis is defined 
by the magnitude of the lateral curve, measured by the Cobb angle (Cobb, 1948).  
The Scoliosis Research Society (SRS) recognises a lateral curve with a Cobb 
angle measurement greater than 10˚ as a clinical scoliosis.  A number of 
pathologies including congenital anomalies, neuropathic and myopathic 
conditions are implicated as underlying causes for the development of a 
scoliosis (Asher and Burton, 2006).  However, in the majority of cases no such 
cause can be identified, leaving the patient with a diagnosis of idiopathic 
scoliosis. 
Adolescents are by far the largest group of patients to suffer from 
scoliosis in the form of Adolescent Idiopathic Scoliosis (AIS) which affects 2-4% 
of the general population, making it the most common paediatric spinal 
deformity.  AIS accounts for an estimated 80 per cent of all reported cases of 
scoliosis which can be explained by a strong link between skeletal growth and 
deformity progression.  It is generally accepted that scoliosis progression is 
primarily a biomechanical process, facilitated by the basic laws of bone growth 
and remodelling (Goldberg et al., 2008).  Abnormal bone growth within the 
growing adolescent spine can quickly perpetuate once initiated, posing a high 
risk for a rapidly progressive spinal deformity. 
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Clinical management of AIS consists of regular radiographic observation 
where both the magnitude of the scoliosis and the remaining skeletal growth 
are evaluated as key risk factors for progression.  A key characteristic of AIS is 
that it is a patient-specific deformity and while many risk factors have been 
examined, their relative contributions remain unclear which makes an accurate 
prognosis difficult (Lonstein and Carlson, 1984; Perdriolle and Vidal, 1985; 
Ponseti and Friedman, 1950; Wong and Tan, 2010).  Conservative treatment 
with an orthotic brace may be considered to prevent deformity progression; 
however the efficacy of this treatment is still debated in the literature. 
Spinal instrumentation and fusion is the only treatment proven capable 
of providing deformity correction as well as halting any further progression 
(Gruca, 1958; Cobb, 1948).  This is a mechanical intervention whereby 
corrective forces are applied to the spine via structural implants which are then 
required to maintain spinal alignment until fusion is complete.  Scoliosis 
correction is a major surgical intervention, proposed as the most invasive and 
traumatic orthopaedic surgery that children endure (Kotzer, 2000). 
The scoliosis surgeon is presented with many decisions including 
surgical approach, implant type, the length of spine to include in the fusion as 
well as the appropriate timing of the operation.  Surgical guidelines based on the 
location and structural characteristics of the deformity have been periodically 
proposed (King et al., 1983; Lenke et al., 2001), however these decisions 
ultimately rest on the experience and preference of each individual surgeon 
(Vaughan et al., 1996; King et al., 1983; Lenke et al., 2001). 
There are two basic surgical approaches for scoliosis correction.  One is 
to apply instrumentation and fusion to the posterior aspect of the spinal column 
and the other is to instrument and fuse the anterior column.  Posterior spinal 
fusion has long been the most common approach, however in more recent years 
anterior instrumentation and fusion is gaining a wider acceptance for the 
treatment of thoracic scoliosis through the use of a minimally invasive 
thoracoscopic surgical technique. 
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Images of a patient with thoracic scoliosis treated by anterior 
instrumentation and fusion are shown in Figure 1-1.  This approach provides 
some key advantages including less soft tissue trauma and scarring as well as 
the fusion of fewer spinal segments.  Discectomies provide the sites for spinal 
fusion while laterally inserted vertebral body screws provide the anchorage 
points for attachment of a solid rod.  Deformity correction is achieved by 
compressive force, applied sequentially between each pair of screws, reducing 
the curve convexity. 
   
   
(a) (b) (c) 
Figure 1-1: A patient with thoracic AIS treated by anterior instrumentation and 
fusion a) Pre-operative coronal plane photograph and radiograph b) Post-
operative coronal plane photograph and radiograph and c) Post-operative 
sagittal plane photograph and radiograph (Image obtained from PSRG) 
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The success of surgical treatment relies heavily on an understanding of 
the biomechanics of deformity correction and the longer term interaction 
between spine and implant.  The incidence of instrumentation related 
complications remains unacceptably high, reported at 20.8% in a recent 
systematic review (Reddi et al. 2008).  The complications resulting from 
anterior instrumentation include vertebral body screw pull-out, rod fracture, 
inadequate spinal fusion (pseudarthrosis) and loss of correction.  Furthermore, 
revision surgery is required for up to 29 per cent of all AIS treatments (Asher 
and Burton, 2006).  Clearly, the treatment of scoliosis presents a complex 
biomechanical problem for which the combination of factors contributing to an 
optimal surgical outcome are not yet fundamentally understood. 
The motivation for this thesis therefore, was to contribute to the 
understanding of the biomechanics of anterior instrumentation applied to the 
spine for the treatment of thoracic AIS.  At the forefront of the current research 
effort is the development of computational models of the spine capable of 
simulating surgical procedures using patient-specific spinal geometry.  The 
ultimate goal is the ability to predict the impact of a particular surgical strategy 
on a particular patient’s spine, thus improving surgical planning and post-
operative outcomes.  Determining realistic input parameters (geometries, 
material properties and loads) remains a significant hurdle to producing 
valuable output. 
Underpinning the development of any biomechanical model is therefore a 
large body of experimental data required to provide accurate inputs as well as 
to validate the behaviour predicted by the model.  While there is a growing body 
of work dedicated to posterior instrumentation, there are relatively few studies 
dedicated to investigating the biomechanics of anterior scoliosis correction.  In 
particular, there is no data reporting the magnitudes of routinely applied 
corrective forces.  Therefore little is known of their role in effecting surgical 
outcome, both the correction achieved and the incidence of implant related 
complications.  There are also no studies which assess the effect of anterior 
instrumentation on the biomechanics of the entire thoracic spine and ribcage. 
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1.1 AIMS AND OBJECTIVES 
 
The overall aim of this thesis was to develop and use novel techniques to 
investigate the biomechanics of anterior scoliosis correction.  This aim was 
pursued through the following objectives: 
1. Design and construct a force transducer integrated with an existing 
surgical compression tool used to apply corrective forces during anterior 
scoliosis surgery. 
2. Then to measure in vivo, the intra-operative compressive forces which 
are applied to each spinal segment during anterior scoliosis surgery in a 
series of AIS patients and to analyse the biomechanical effect of these 
forces. 
3. Develop a displacement-controlled in vitro testing protocol suitable for 
assessing the biomechanical response of multi-segment spine specimens 
subjected to physiological motions tested both in an intact condition as 
well as once instrumented with an anterior scoliosis implant. 
4. To use the method developed in Objective 3 to investigate the effect of 
anterior scoliosis instrumentation on the biomechanical response of the 
entire thorax using a bovine animal model.  In particular, the effect of 
two lengths of instrumentation will be compared. 
In relation to objective two, it was hypothesised that the magnitudes of these 
forces may approach the fixation strength of the screw-vertebra interface, 
particularly at the most cranial screw.  This is due to the fact that screw pull-out 
is a complication which occurs within the first week following surgery, and 
almost exclusively effects the most cranial screw in the construct.  Determining 
the forces applied within a series of AIS patients will yield valuable data relating 
to the nature of variation in routinely applied forces.  The biomechanical effect 
of these forces was investigated by quantifying the immediate Cobb angle 
corrections achieved at each spinal segment, as depicted by intra-operative 
fluoroscopic images. 
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A displacement-controlled robotic spine testing facility was available for this 
research.  Objective three was proposed in response to a controversy found in 
the literature concerning the suitability of displacement-controlled testing for 
evaluating spinal implants.  This particularly concerned the placement of a fixed 
Center of Rotation (COR).  It was the goal therefore to characterise the effect of 
COR location on biomechanical tests consisting of multi-segment spine 
specimens, and in doing so identify an appropriate COR placement for such 
testing. 
In regards to objective four, the biomechanical response of the thorax was 
assessed in terms of stiffness and intervertebral motions.  Intervertebral 
motions are of particular interest as excessive motions occurring at the fusion 
sites are implicated in the development of a pseudarthrosis (or failed fusion).  
This in turn may expose the implant to an increased period of loading thus 
increasing the occurrence of implant failure due to fatigue (Picetti, Pang et al. 
2002; Picetti, Ertl et al. 2002).  Two spans of instrumentation were included as 
fusion length is a key surgical decision.  Maintaining mobility is a strong 
motivation to keep the length of fusion as short as possible, however the 
concern is that too short a fusion may result in excessive implant loads.  The 
effect of fusion length on stiffness and the redistribution of motion is therefore 
of interest. 
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 CHAPTER 2
 
Literature Review 
 
 
 
 
 
 
 
This chapter presents a critical review of the literature concerning 
thoracic AIS and its treatment by anterior instrumentation.  Basic spinal 
anatomy and biomechanics are first presented, with a focus on the thoracic 
spine.  A clinical assessment of AIS is then presented for an understanding of 
terminology and an appreciation for the treatment decisions surgeons face in 
light of the clinical information available.  The surgical procedure for anterior 
scoliosis instrumentation applied for correction and fusion of thoracic scoliosis 
is given in detail.  This is followed by details of the clinical outcomes of anterior 
instrumentation with a focus on implant-related complications.  At this point 
the basic problem statement is made clear; the surgical correction of AIS is a 
biomechanical process for which the combination of factors contributing to a 
successful outcome in a particular patient is not yet clearly understood.  The 
remainder of the chapter addresses the state of current research which clearly 
establishes the context for the investigations presented in this thesis. 
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2.1 BASIC ANATOMY OF THE SPINE 
 
2.1.1 Anatomical planes and references 
 
In order to describe the anatomy of the spine, the primary anatomical planes of 
reference must be introduced.  The orientations of the frontal, sagittal and 
transverse planes are shown in Figure 2-1a.  Terms used to express anatomical 
locations with reference to direction are defined in Figure 2-1b.  This 
terminology will be used throughout this thesis. 
 
 
 
(a) (b) 
Figure 2-1: a) The three primary anatomical planes of reference and b) Anatomical 
terms used to describe direction (Martini et al. 2001) 
 
2.1.2 Spinal column 
 
The spine is a flexible column, composed of 26 separate vertebrae, 
connected by a complex set of joints, ligaments and muscles.  It functions as the 
primary load bearing support for the body.  Its structure serves to allow and 
control movement, as well as providing a protective housing for the spinal cord 
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and associated nerve roots.  The spinal column is shown in Figure 2-2 in both 
the frontal (anterior view) and sagittal planes.  Each region of the spine dictates 
the shape of the vertebrae and the orientation of the spinal joints.  The focus of 
this thesis is scoliosis deformity affecting the thoracic spine composed of 12 
vertebrae. 
 
 
Figure 2-2: The spinal column (McKinley and O’Loughlin, 2006) 
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When viewed in the frontal plane, the healthy spine is essentially 
straight.  In the sagittal plane however, each region of the spine exhibit 
characteristic curves, important for the normal physiological functioning of the 
spine.  The thoracic region exhibits kyphosis, the anterior length of the spinal 
column in this region shorter than the posterior length.  In the lumbar and 
cervical regions the sagittal curves are opposite and referred to as lordosis, the 
anterior column longer than the posterior column. 
2.1.3 Vertebra 
 
The general structure of each vertebra can be described in terms of 
anterior and posterior components.  The anterior component is termed the 
vertebral body, consisting of a core of trabecular bone surrounded by an outer 
layer of dense cortical bone.  The posterior component is composed of a ring of 
stiff bony protrusions which, together with the anterior vertebral bodies 
encapsulate the spinal canal.  A transverse plane (superior view) and sagittal 
plane view of a typical thoracic vertebra are given in Figure 2-3. 
 
 
 
(a) (b) 
Figure 2-3: Anatomy of a thoracic vertebra a) transverse superior view and b) 
right sagittal view (Martini et al. 2001) 
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2.1.4 Single motion segment 
 
The characteristic behaviour of the spinal column is attributed to the 
structure of the smallest repeating unit of the spine; the single motion segment, 
consisting of two adjacent vertebrae and the articulations between them: 
- Intervertebral disc: Forms the connection between the vertebral bodies, 
consisting of a centrally located nucleus pulposus which is surrounded 
by concentric layers of fibrous material making up the annulus fibrosus. 
- Facet joints: Bi-laterally join the posterior aspect of the motion segment 
as synovial joints made by an articulation between the superior articular 
processes of the inferior vertebra and the inferior articular processes of 
the superior vertebra. 
- Ligaments: The motion segment is stabilised by five ligaments.  The 
vertebral bodies are joined by the anterior and posterior longitudinal 
ligaments spanning the intervertebral disc.  The ligamentum flavum 
connects the lamina of adjacent vertebrae spanning the posterior aspect 
of the vertebral foramen.  The transverse processes of adjacent vertebrae 
are connected by the inter-transverse ligaments.  Facet joints are 
encased by the capsular ligaments. 
Thoracic motion segments are also further stabilised by the articulations with 
the ribs which are illustrated in Figure 2-4 and described below: 
- Costovertebral joint: The head of each rib joins to the anterior aspect of 
the motion segment, articulating at the demifacets of the vertebrae 
- Costotransverse joint: The tubercle of each rib meets the vertebra at the 
transverse costal facet forming a gliding articular joint. 
Each thoracic vertebra articulates with a rib on each side contributing to the 
formation of the thoracic cage, the stiffness of which gives protection to the 
heart and lungs as well adding to the load bearing capacity of the thoracic spine. 
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Figure 2-4: Rib structure and articulation with a thoracic vertebra (Martini et al. 
2001). 
 
The spinal column is also actively stabilised by the spinal muscles, 
however these are not discussed as the scope of this thesis extends only to the 
osseoligamentous structures of the spine. 
 
2.2 SPINAL MOTION 
 
While the spine performs complex three-dimensional motions, the 
primary motions of the spine are described as planar rotations occurring within 
each of the three physiological planes; flexion and extension in the sagittal 
plane; lateral bending in the frontal plane; and axial rotation in the transverse 
plane.  As motion of the spinal column is the cumulative effect of motions 
occurring at individual spinal segments, spinal motion is most commonly 
reported in terms of that occurring at a single segment. 
 
2.2.1 Instantaneous Axis of Rotation (IAR) 
 
The motion of a single spinal segment can be completely defined by the 
rotation of the superior vertebra with respect to the inferior vertebra about an 
axis of rotation.  This is termed the Instantaneous Axis of Rotation (IAR) as it is 
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understood that if a motion is broken down and viewed as increments, the axis 
determined for each increment may vary throughout the full extent of motion.  
The definition of an IAR aims to capture the three-dimensional characteristics of 
spinal motion however, for the purposes of analysis it is the projection of the 
IAR onto a two-dimensional plane of primary motion which is of most use, and 
is illustrated in Figure 2-5 for a given rotation. 
 
Figure 2-5: Calculation of the position of the IAR (Pearcy and Bogduk, 1988) 
 
Within the range of normal physiological motions, each spinal segment 
rotates about a preferred IAR.  Due to differences in anatomy and loads, the 
location of this preferred IAR is particular to each segment and to each direction 
of motion.  This is what makes the IAR an important biomechanical parameter, 
as a deviation from its expected location may indicate an abnormality in the 
function of the spinal tissues or in the loads to which the segment is exposed.  
Conversely, adverse biomechanical changes may result if a surgical intervention 
(such as an implant) acts to change the location of the IAR.  Knowledge of in vivo 
IAR locations has important implications for in vitro testing of the spine where 
the aim is to simulate physiological spinal motions. 
Nominal IAR locations for motion of thoracic segments within each of the 
three physiological planes are shown in Figure 2-6.  There is little known about 
IAR locations specific to each spinal segment in the thoracic spine.  Panjabi et al., 
(1984) reported IAR locations for thoracic motion segments in response to 
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various in vitro loads applied in the sagittal plane only.  IAR location was found 
to be sensitive to the type of load applied, but not to the vertebral level or load 
magnitude, suggesting little movement in IAR location throughout rotations in 
flexion and extension.  The average IAR location was found to be 17.8mm 
inferior to the geometric center of the superior vertebra.  These authors noted a 
limited accuracy in determining IAR location in vitro, due to the sensitivity to 
measurement errors, especially for small displacements. 
 
Figure 2-6: IAR locations for thoracic spinal segments (E-extension, F –flexion, L- 
left, R-right,) (taken from White and Panjabi, 1990). 
 
It is important to note here that the location of the IAR is most often 
approximated as a single point, representing the center of rotation (COR) of the 
spinal segment for the entirety of a particular motion.  This is due to the fact 
that the locus of motion of an IAR is difficult to measure accurately during in 
vivo motion, as its deviation is within the same order of magnitude as the 
measurement errors (Pearcy and Bogduk,1998). 
The instantaneous nature of the IAR was investigated by Qiu et al., 
(2004) who sought to characterise the loci of the IAR using a finite element 
model of the T10T11 thoracic motion segment.  Again, only sagittal plane 
motions were considered.  The IARs for each of flexion and extension were 
predicted to be positioned below the geometric center of the superior vertebra, 
the IAR tracking throughout rotation in a superior-anterior direction for flexion, 
and in an inferior-posterior direction during extension. 
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2.2.2 Ranges of motion in the thoracic spine 
 
The extent to which a spinal segment can rotate in a given plane is 
reported as the range of motion (ROM).  Three-dimensional motion is 
incorporated by also reporting any coupled motions, defined as rotations 
occurring in other planes that consistently accompany a primary motion.  The 
cumulative ROM measured in vivo for each region of the thoracic spine about 
each of the primary axes of motion are shown in Table 2-1 along with associated 
coupled motions (Willems et al., 1996). 
There is clearly coupled motion between lateral bending and axial 
rotation, however there is discrepancy in the literature as to the direction of this 
coupling (Sizer et al., 2007).  Willems et al 1996 reported that the direction was 
consistently ipsilateral (both in the same direction) in the mid and lower 
regions but variable in the upper region, being both ipsilateral and contralateral 
(in opposite directions).  More recently Fujimori et al., (2012) made the 
opposite observation, that axial rotation in the thoracic spine, exhibited 
ipsilateral coupled lateral bending in the upper segments, but variable 
directions in the lower segments. 
 
Table 2-1: Average (sd) values of cumulative primary and associated coupled 
motions for thoracic spinal segments grouped into three regions; T1-T4, T4-T8 
and T8-T12. (Note that the ROM given for lateral bending and axial rotation is 
an average of the left and right motion, no directions are indicated for the 
coupled motions) Source: Willems et al., (1996) 
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2.3 ADOLESCENT IDIOPATHIC SCOLIOSIS 
 
2.3.1 Structural characteristics 
 
It is useful to mention here briefly a number of observations regarding 
the anatomical changes associated with the progression of AIS.  The scoliotic 
spinal column presents a three-dimensional misalignment within the normal 
anatomical planes.  The pathological displacements of the apical vertebra as 
studied by Perdriolle and Vidal (1987) illustrate the nature of this misalignment 
for increasing scoliosis severity (Figure 2-7).  The apex vertebra was found to 
translate anteriorly in the sagittal plane; rotate towards the curve convexity in 
the transverse plane; and tilt in the coronal plane tending to a lateral deviation. 
Vertebral rotation in the transverse plane is largest at the apex of the 
scoliosis and diminishes toward the extremities of the deformity (Acaroglu et 
al., 2001).  This creates abnormal intervertebral rotations with the opposite 
characteristic, being minimal between vertebrae close to the apex and 
maximum at both the cranial and caudal ends of the deformity (Dickson et al., 
1984).  The extent of the vertebral rotation at the apex has been found to 
correlate to the magnitude of the lateral curve in the frontal plane (Aaro and 
Dahlborn, 1981). 
 
 
(a) (b) 
Figure 2-7: Components of scoliosis deformity at the apical vertebra observed in 
the transverse plane: a) Pathological displacements: 1: normal position; 2: due 
to the axial component; 3: due to the sagittal component; 4: due to the frontal 
component; b) Position with respect to the upper end vertebra (uev) for 
increasing levels of deformity (A-C) (Perdriolle and Vidal, 1987) 
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There are also asymmetric deformations which are intrinsic to the 
vertebra and ribs within the scoliotic spinal column.  Vertebrae within the apical 
region of thoracic scoliosis have been found to exhibit an abnormal lordosis in 
the sagittal plane as well as a wedge deformity when viewed in the coronal 
plane (Kojima and Kurokawa, 1992; Aubin et al., 1998; Parent et al., 2004; 
Perdriolle et al., 1993; Xiong et al., 1994).  In the transverse plane, a torsional 
deformity between the vertebral body and posterior bone complex has been 
noted as well as a discrepancy in the orientation and width between each 
pedicle (Liljenqvist et al., 2002).  This asymmetry between the concave and 
convex sides of the spinal column extends also to the shape of the ribs (Stokes et 
al., 1989; Wever et al., 1999). 
These observations are useful for visualising scoliosis, but it is important 
to note again that scoliosis is a patient-specific deformity and while the 
characteristics of two curves may be similar in one plane, they may exhibit 
different characteristics when viewed in another plane (Kotwicki, 2002). 
 
2.3.2 Clinical deformity assessment 
 
2.3.2.1 Magnitude 
While scoliosis is a complex three-dimensional deformity, its projection 
onto two dimensional radiographs form the basis by which it is classified and 
treated.  The Scoliosis Research Society (SRS) defines scoliosis as a lateral 
curvature of the spine which exceeds 10˚ as measured on a coronal plane 
radiograph.  Cobb (1948) outlined the technique and thus the clinical angle is 
known by the same name. 
The Cobb angle is defined as the angle made by the intersection of two 
lines drawn perpendicular to the outer endplates of the end vertebra as shown 
in Figure 2-8 for a typical thoracic scoliosis.  The end vertebra mark the 
boundaries of the curve.  The superior endplate of the cranial end vertebra is 
tilted maximally toward the curve concavity.  Similarly, the inferior endplate of 
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the caudal end vertebra also exhibits maximum tilt toward the curve concavity.  
The scoliosis apex is the vertebra (or disc) displaying the largest lateral 
deviation from the center sacral line (vertical line drawn through the center of 
the sacrum).  The horizontal distance between a vertical line drawn through C7 
and the centre sacral line is used as a measure of coronal plane spinal 
imbalance, defined as coronal decompensation. 
The magnitudes of the physiological curves in the sagittal plane are also 
assessed using the Cobb angle technique.  Thoracic kyphosis (T5-T12), lumbar 
lordosis (L1-S1) as well as the curvatures at the thoracolumbar junction (T10-
L2) and proximal thoracic region (T2-T5) are measured on standing sagittal 
plane radiographs.  Cobb angles greater than 10˚ at either the thoracolumbar 
junction or proximal thoracic region indicate a proximal or distal junctional 
kyphosis respectively (Sucato et al., 2008). 
 
 
Figure 2-8: Measurement of the frontal plane Cobb angle (Cobb, 1948) 
 
The extent of the rotational aspect of a scoliosis deformity is often 
quantified by a physical measurement of the rib hump.  This is given by the 
angle measured by an inclinometer placed over the most prominent aspect of 
the rib cage while the patient is bending forward (Newton et al., 2008). 
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2.3.2.2 Risk of progression 
The likelihood of scoliosis progression is strongly related to the 
remaining growth potential of the spine.  The extent of ossification of the 
apophysis across the iliac crest has been found to give a clear indication of 
spinal maturity (Risser, 1958).  Consequently, a radiographic grading system to 
assess the extent of bony fusion across the iliac crest has been developed and is 
illustrated in Figure 2-9.  A Risser grade of 5 indicates complete iliac fusion and 
spinal growth, and thus a low risk for further deformity progression (Thomsen 
and Abel, 2006). 
 
Figure 2-9: Risser radiographic grading system of skeletal maturity 
 
2.3.2.3 Curve flexibility 
Scoliotic curves typically demonstrate a level of spontaneous correction 
when the patient bends toward the side of the curve convexity.  This 
phenomenon is used to evaluate the flexibility of the curve on frontal plane 
radiographs.  A common approach is the fulcrum bending method as is 
illustrated in Figure 2-10 (Cheung and Luk, 1997).  The patient is laid on their 
side (curve convexity facing down) over a cylindrical bolster positioned at the 
rib closest to the apex of the scoliosis.  The Cobb angle is measured on the 
fulcrum bending radiograph and used to calculate the fulcrum flexibility index 
(FFI) shown as Equation 2-1. 
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Equation 2-1 
 
Fulcrum bending correction index 
Luk et al., (1998) proposed that scoliosis correction be reported by the Fulcrum 
Bending Correction Index (FBCI) which takes into account the flexibility of the 
curve as measured by the FFI. 
           
                           
                         
      
Equation 2-2 
 
 
 
 
A b 
Figure 2-10: Patient positioning for the fulcrum bending method to measure 
flexibility (Cheung and Luk, 1997). 
 
2.3.2.4 Classification 
Traditional classification of scoliosis was solely dependent on the region 
of the spine affected by the major lateral curve on a frontal plane radiograph 
(Ponseti and Friedman, 1950).  As surgical treatment methods developed, more 
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detailed classifications arose (Coonrad et al., 1998; King et al., 1983).  These 
were in response to a realisation that measures of spinal balance, curve 
flexibility and the characteristics of compensatory curves were increasingly 
important for consideration in treatment planning.  Currently, the Lenke system 
is the gold standard for clinical classification of scoliosis (Lenke et al., 2001).  
The selection criteria for the six Lenke curve types are described in Figure 2-11. 
A number of lateral curves may be present.  The major curve is identified 
by the largest Cobb angle.  The curve flexibility characterises each curve as 
“structural” or “non-structural”.  Structural curves are defined as those that 
exhibit a Cobb angle reduction to no less than 25° on lateral or fulcrum bending.  
Minor curves that are non-structural are often termed “compensatory”, believed 
to have developed secondary to the major curve in an attempt to maintain 
spinal balance.  The focus of this thesis is the treatment of structural thoracic 
scoliosis, the apex of the major structural curve located in the thoracic spine (T6 
- T11T12 disc).  Non-structural compensatory curves are often present in both 
the regions proximal (upper thoracic spine) and distal (lumbar spine) to the 
major curve. 
 
 
Figure 2-11 (Lenke et al., 2001).   
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2.3.3 Treatment 
 
Not all scoliotic curves progress to a severity requiring surgical 
treatment.  Clinical management involves periodic observation and 
radiographic assessment.  Non-invasive treatment with an orthotic brace may 
first be considered.  The theory behind bracing is that the persistent and long 
term application of external corrective forces will halt deformity progression.  
Studies into bracing design continue, however the optimal parameters for 
recommended use are still debated and there remains doubt as to their 
effectiveness in preventing further deformity progression (Lou et al., 2011; 
Goldberg et al., 2008; Negrini et al., 2010; Maruyama, 2008). 
There is a growing effort towards the development of non-fusion 
implants which aim to prevent curve progression while facilitating continued 
spinal growth (Theologis et al., 2013; Guille et al., 2007).  Currently however, 
spinal instrumentation and fusion remains the only treatment option for severe 
and progressive scoliosis.  Two major factors are considered in determining the 
necessity of surgical treatment; frontal plane Cobb angle and skeletal maturity.  
Generally a Cobb angle exceeding 40°, coupled with a Risser grade between 0 
and 2 are clear indications for surgical treatment.  Curves larger than 50° are 
considered as a high risk for continued progression even after skeletal maturity 
(Bridwell, 1999; Miller, 1999; Wiggins et al., 2003).  The social and 
psychological effects related to the deformity are also considered in the decision 
making process. 
The goals of surgery are (Lenke et al., 1999): 
- prevent deformity progression 
- achieve optimal correction in the frontal plane of both major and 
compensatory curves 
- reduce axial rotation (de-rotation) 
- achieve physiologically acceptable spinal alignment in the sagittal plane 
- fuse the shortest length of spine possible 
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Posterior instrumentation has long been the most common surgical 
approach for the treatment of scoliosis.  Early implants consisted of straight 
axial rods applied either side of the spinous processes, correction of the lateral 
curve achieved primarily by distraction forces (Harrington, 1962).  Anterior 
instrumentation was first developed by Australian surgeon Dr Allan Dwyer 
(Dwyer et al., 1969; Dwyer and Schafer, 1974; Hsu 1982).  His implant consisted 
of screws applied to the anterior-lateral aspect of the vertebral bodies and 
connected by a flexible titanium wire threaded through each screw head.  
Compression of the curve convexity was achieved by a sequential tensioning of 
the wire. 
Surgical treatments have advanced greatly with the advent of new 
technologies.  Significant improvements have been made in the fixation methods 
and the introduction of segmental fixation to deliver targeted and selective 
corrective forces.  In modern instrumentaion systems, a greater emphasis is 
placed on achieving deformity correction in the transverse and sagittal planes in 
addition to the frontal plane deformity. 
 The use of an anterior surgical approach for the treatment of thoracic 
AIS has been popularised by two advantages.  One is the ability of anterior 
instrumentation to achieve comparable Cobb angle correction while requiring 
the fusion of fewer vertebral levels, thus preserving spinal mobility distal to the 
fusion (Franic et al., 2012; Tao et al., 2012).  The second is the ability of the 
compressive forces used with anterior instrumentation to induce kyphosis.  
Thoracic deformity in AIS patients has been shown to be associated with 
hypokyphosis when compared to the sagittal alignment in normal adolescent 
subjects (Upasani, Tis et al., 2007). 
A recent meta-analysis compared outcomes from both anterior and 
posterior approaches to treating thoracic AIS and found both approaches were 
comparable in terms of deformity correction (Franic et al., 2012).  The 
indications for one approach over another is not always clear, and there are 
many options even within a chosen surgical approach.  There have been a few 
recent studies focused on comparing the proposed surgical strategy for a given 
patient by a number of experienced scoliosis surgeons.  The overwhelming 
Chapter 2: Literature review 
____________________________________________________________________________________________ 
2-24 
message from these studies was that surgeons are currently operating under a 
wide variation in surgical approach (Aubin et al., 2007; Robitaille et al., 2007).  
One contributing factor to this variation is the intra-observer variability in 
defining key anatomical parameters on clinical radiographs (Potter, Rosner et 
al., 2005; Kuklo, Potter et al., 2005). 
Indications for treatment of thoracic AIS by anterior instrumentation 
For the treatment of thoracic scoliosis, anterior instrumentation is 
indicated for Lenke 1 type curves, consisting of a single structural thoracic curve 
(Lenke, 2003).  A recent systematic review reported an average preoperative 
Cobb angle of 60.6° in patients undergoing anterior instrumentation with a 
range from 48.3° to 82.5° (Reddi et al., 2008).  Curve flexibility is required to be 
at least 50%, or a correction to less than 30° as assessed by bending 
radiographs (Majd et al., 2000).  Any adjacent compensatory curves within the 
upper thoracic and lumbar spine must be non-structural according to Lenke’s 
radiographic criteria (Refer to Section 2.3.2.4). 
The sagittal plane curve characteristics are also important.  Thoracic 
hyperkyphosis (> 40°) is considered a contraindication due to the kyphotic 
nature of the compressive forces applied to the anterior spinal column.  Sucato 
et al., (2008) recommends a posterior spinal fusion when the thoracic kyphosis 
is greater than 30°, especially in an immature patient where further growth in 
the posterior spine may exacerbate the kyphosis over time.  Similarly, a 
pathologic localised kyphosis (>20°) across the proximal thoracic (T2-T5) or 
thoracolumbar junction (T10-L2) are also considered at risk for further 
progression after anterior instrumentation (Sweet et al., 2001).  Conversely, 
anterior instrumentation is considered particularly advantageous when the 
deformity is associated with thoracic hypokyphosis. 
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2.3.4 Anterior scoliosis surgery 
 
Anterior instrumentation is applied to the convex aspect of the scoliotic 
spinal column.  For the treatment of thoracic curves the surgery can be 
performed either by an open thoracotomy or by a minimally invasive 
thoracoscopic approach.  The thoracoscopic approach is the primary surgical 
technique used at the Mater Children’s hospital in Brisbane for the treatment of 
thoracic AIS and is thus described here. 
2.3.4.1 Patient positioning 
The patient is placed in the lateral decubitus position with the convexity 
of the scoliosis facing upward, as illustrated in Figure 2-12.  Access to the spine 
is obtained by portals incised through the interspaces of the ribs.  Unilateral 
lung deflation creates a working cavity and visualisation of the spine is attained 
by a video endoscope.  A C-arm fluoroscope is used to provide static 
radiographic images for accurate placement of the instrumentation. 
 
Figure 2-12: Patient positioning during thoracoscopic anterior 
instrumentation for the treatment of thoracic scoliosis. (Source: CD Horizon® 
Eclipse™ Spinal System Surgical Technique Manual produced by Medtronic 
Sofamor Danek) 
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2.3.4.2 Discectomy and spinal fusion 
The sites for spinal fusion are prepared by removing the anterior-lateral 
portions of each intervertebral disc as illustrated in Figure 2-13 a.  The 
posterior longitudinal ligament is left intact.  The vertebral endplates are filed to 
provide a rough surface conducive to new bone formation.  The space is then 
packed with granulated bone as shown in Figure 2-13 b, consisting either of 
autogenic (harvested from the patient) or allogenic (donated bone) tissue.  This 
facilitates the growth of host vertebral bone across the fusion site, forming a 
solid bond which generally takes approximately 6 months to achieve.  
Additional structural support may also be used at selective levels in the form of 
a metal cage or solid bone graft.  This is performed at the discretion of the 
surgeon when there is concern for the maintenance of the desired sagittal 
profile (Tis et al., 2010). 
General guidelines for choosing the length of fusion suggest including 
both the cranial and caudal end vertebra of the main thoracic curve (Lenke et 
al., 1999).  Ultimately the surgeon must decide how many levels to include. 
 
  
(a) (b) 
Figure 2-13: schematic illustrating; a) discectomy and; b) endoscope view of 
graft placement within the intervertebral space. (Source: CD Horizon® Eclipse™ 
Spinal System Surgical Technique Manual produced by Medtronic Sofamor 
Danek) 
Chapter 2: Literature review 
____________________________________________________________________________________________ 
2-27 
 
2.3.4.3 Vertebral body screw insertion 
Screws are inserted laterally through the centre of each vertebral body.  
The length of screw is chosen so that it traverses the lateral diameter of the 
vertebral body to engage both near and far cortices (bi-cortical fixation).  
Typical screw diameters range from 6.5 – 7.5 mm and lengths vary from 25 mm 
for proximal levels to 45 mm for distal levels (Lenke, 2003).  At the Mater 
Children’s Hospital in Brisbane, vertebral body screws are reinforced with the 
use of a multi-pronged staple.  An endoscope view of screw placement is given 
in Figure 2-14a.  The screw heads are cannulised to provide a seating for the 
rod, the top section threaded to accommodate a set screw for rod fixation.  Each 
screw is orientated so that the screw head canals align.  Staples are positioned 
first and then screw insertion is performed under the guidance of fluoroscope 
imaging, as shown in Figure 2-14b. 
 
 
 
(a) (b) 
 
Figure 2-14: Vertebral body screw insertion; a) endoscope view and b) frontal 
plane fluoroscope view. (Source: CD Horizon® Eclipse™ Spinal System Surgical 
Technique Manual produced by Medtronic Sofamor Danek) 
 
 
Chapter 2: Literature review 
____________________________________________________________________________________________ 
2-28 
2.3.4.4 Rod insertion 
The rod may be contoured in the frontal and/or sagittal plane prior to 
insertion depending on the predicted achievable correction and the pre-
operative sagittal profile (Tis et al., 2010).  A rod holder is used to cantilever the 
rod into each screw head canal as shown in Figure 2-15a.  The rod is held 
loosely in place by insertion of the set screws (Figure 2-15b).  The most cranial 
set screw is tightened, fixing the rod to the spine while allowing relative 
movement between the rod and the remaining vertebral screws.  This flexible 
construct provides the means for further deformity correction through the 
application of compressive forces.  
  
(a) (b) 
Figure 2-15: Rod insertion; a) placement through screw head canals and; b) 
with set screws in place ready for segmental compression. (Source: CD 
Horizon® Eclipse™ Spinal System Surgical Technique Manual produced by 
Medtronic Sofamor Danek) 
 
2.3.4.5 Application of segmental compression forces 
Corrective forces are applied incrementally to each segment along the 
construct using a cable compression device.  The correction achieved is 
monitored by frontal plane fluoroscopic images taken periodically during 
compression.  Initially, the most superior vertebral screw is locked onto the rod 
by tightening the set screw.  The cable compressor forms a lasso around two 
adjacent vertebral body screws (Figure 2-16a).  Anchoring against the fixed 
superior screw, the cable is tightened which causes the inferior screw to slide 
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along the rod, applying compression to the disc space.  Once satisfactory 
correction is achieved, the inferior screw is locked onto the rod by tightening 
the set screw (Figure 2-16b).  This procedure is repeated sequentially along the 
length of the construct, effectively reducing the magnitude of the deformity, one 
segment at a time.  The instrumentation (vertebral body screws and rod) must 
then withstand spinal loads, maintaining the correction until fusion is achieved. 
  
(a) (b) 
Figure 2-16: Fluoroscope image view of intra-operative compression of a single 
segment; a) before compression and; b) after compression 
          
  
θInitial 
θCorrected 
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2.3.5 Post-operative outcomes 
 
A summary of clinical literature for anterior instrumentation applied for 
the correction of thoracic AIS is given in Table 2-2.  Some redundancy is present 
as multiple reports draw from common patient cohorts as explained further in 
the table.  The Cobb angle correction rate (CCR) is the fundamental reported 
outcome, calculated as the percentage reduction in the pre-operative coronal 
plane Cobb angle, shown as Equation 2-3.  Pre-operative Cobb angles spanned a 
range of 38° – 104° with an average of 54°, estimated from a collation of the 
reported averages.  The average Cobb angle correction rate was calculated at 
57.6%.  Average fusion lengths ranged between 6 and 8 vertebral levels, an 
estimated 1-3 levels shorter than required for posterior fusion (Lowe et al., 
2003). 
 
      
    op Cobb angle         op Cobb angle 
    op Cobb angle
      
Equation 2-3 
 
The fate of the compensatory curves adjacent to the instrumented region 
are of increasing clinical concern.  Progression of these curves can be a 
contributing cause to the development of post-operative coronal 
decompensation (Lenke et al., 1999).  Thus, the spontaneous reduction of non-
structural compensatory curves has been assessed.  Average Cobb angle 
correction rates for the compensatory curve in the proximal thoracic region 
have been reported in the range of 39% to 47% (Kuklo et al., 2001; Newton et 
al., 2005; Potter et al., 2005).  The spontaneous Cobb angle correction rate for 
compensatory lumbar curves have averaged between 41% and 56% (Lenke et 
al., 1999; Newton et al., 2003; Newton et al., 2005; Potter et al., 2005; Hay et al., 
2009). 
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  Table 2-2: Summary of clinical reports for anterior instrumentation applied to 
thoracic AIS 
Reference No. 
Patients 
Avg. follow-up 
(range) 
Main curve avg. Cobb 
correction rate (%) 
^(Tis et al., 2010) 85 5 51 
(Hay et al., 2009) 106 2 51.8 
*(Lonner et al., 2009) 26 2.5 (2.0 - 3.6) 56 
#(Yoon et al., 2008) 49 3.1 57 
(Qiu et al., 2008) 31 - 76.5 
#(Newton et al., 2008) 25 5 52 
(Kim et al., 2007) 42 2.9 63.8 
*(Lonner et al., 2006) 28 - 54.5 
(Grewal et al., 2005) 41 1 69 
(Grewal et al., 2005) 114 1 64 
$(Potter et al., 2005) 20 3.7 52 
#(Newton et al., 2005) 45 2.75 (2-5) 54.7 
*(Lonner et al., 2005) 57 (0.25-3.6) 60.1 
$(Edwards et al., 2004) 15 2.7 (2 - 4.7) 42 
(Wong et al., 2004) 12 3.7 (2.1-8.1) 62 
(Lenke, 2003) 11 1 51 
#(Newton et al., 2003) 38 (0.5 – 2) 60 
^(Newton et al., 2003) 68 (0.5 – 2) 59 
$(Kuklo et al., 2001) 41 2.8 (2 – 4.6) 52 
$(Sweet et al., 2001) 43 (2 – 6) 47 
(Picetti et al., 2001) 50 (2 – 3.75) 50 
(Majd et al., 2000) 20 3.7 82 
^(Betz et al., 1999) 78 2 58 
(Kaneda et al., 1997) 7 (2 -4) 71 
NOTE: Procedures performed with IVATS are in italic 
 
(^) – Patients sourced from the DePuy-AcroMed Harms Study Group database compiled for comparisons 
between anterior and posterior spinal fusion approaches.  It is unknown how many patients may be 
duplicated across individual studies. 
($) – Procedures predominantly performed by Dr L.G. Lenke.  Duplicate patients may be included but it is 
unclear. 
(#) – Case series performed by Dr P.O. Newton.  It appears that the patients reported in Newton 2003 and 
Newton 2008 are a subset of the initial consecutive patient cohort performed between 1999 - 2002 
reported in Newton 2005.  A proportion of the patients reported in Yoon 2008, performed between 2000-
2004 are also likely to have been previously reported in Newton 2005. 
(*) – Case series performed by Dr B.S. Lonner.  The publications Lonner 2006 and Lonner 2009 contain 
reports of a subset of the initial patient cohort reported in Lonner 2005. 
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Rib hump reduction has been found to be an important cosmetic result 
for the patient, most commonly reported as a percentage reduction in the angle 
measurement taken during the forward bend test.  Picetti et al., (2001) reported 
an average correction rate of 69%.  More modest values include those reported 
by Hay et al., (2009) of 51.7% and Newton et al., (2005) reporting an average of 
40%, an improvement found maintained at five years follow-up (Newton et al., 
2008). 
Possible implant-related complications which occur after anterior 
scoliosis instrumentation and fusion include: 
 Pseudarthrosis (failure of fusion) 
 Screw pull-out 
 Rod breakage 
 Loss of correction of instrumented curve 
 Progression of un-instrumented curves 
The incidence of implant related complications has been reported at 
20.8% in a recent systematic review (Reddi et al. 2008).  Earlier reports have 
included implant breakage at 31% (Betz et al., 1999) and 12% (Newton et al., 
2008).  Implant related complications are common reasons for revision surgery 
(Flynn et al., 2010). 
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2.4 INTRA-OPERATIVE BIOMECHANICAL MEASUREMENTS 
DURING AIS SURGERY 
 
Intra-operative measurement of the corrective forces applied to the spine 
during the surgical correction of scoliosis provides important biomechanical 
data for understanding the magnitude of load which the corrective implants and 
consequently the spinal tissues are required to sustain.  Much of the literature 
documenting these measurements has been concerned with posterior scoliosis 
correction.  These papers will be reviewed briefly as the methods used and the 
magnitude of the forces measured is still of interest, if only to provide context 
for the measurements made in this thesis. 
Early posterior implants included a single rod applied to the concave side 
of the scoliosis and relied entirely on axial distraction forces, the rod attached 
by hooks at the superior and inferior end vertebra.  Waugh and colleagues 
(Waugh, 1966; Hirsch and Waugh, 1968) instrumented a distraction tool and 
measured applied forces in three patients and found that magnitudes within the 
range 20-30 kgf (200-300 N) were sufficient to obtain acceptable curve 
correction.  However, it was noted that these same magnitudes applied to a 
patient with a particularly inflexible curve achieved far less correction.  These 
authors identified bone strength at the implant attachment site as a limiting 
factor to correction, a hook in a thoracic vertebra cutting out at a distraction 
force of 38 kgf (370 N). 
Distraction forces were again measured in a larger scale study which 
included a series of 20 patients (McBride et al., 1979), and later a series of 16 
patients (Dunn et al., 1982).  A range of forces were observed up to a maximum 
of 100 kgf (980 N).  It was noted that intra-operative distraction forces often 
exceeded documented bone strengths (obtained by in vitro methods), however, 
a corresponding incidence of implant failures was not observed within the 
cohort of patients studied. 
Modern posterior implants include two rods and provide for multiple 
attachment sites to the spine.  The forces applied are more complex and include 
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a rod derotation manoeuvre.  Lou and colleagues (Lou et al., 2002; Mondoux et 
al., 2006) instrumented a rod rotator and measured applied forces ranging 
between 20-60N and torques between 4-12Nm in a small series of patients 
(~20).  Although a small sample size, the authors plotted applied torque versus 
post-operative Cobb angle correction and noted an increasing trend. 
In addition to instrumenting the surgical tools used to apply corrective 
forces, attempts have also been made to instrument hooks and pedicle screws to 
directly measure the loads applied at the implant attachment sites (Lou et al., 
2005; Smith et al., 1996; Daniels et al., 1984).  There have also been reports of 
force transducers applied to posterior rods to record post-operative implant 
loads (Nachemson and Elfstrom, 1971; Waugh, 1966).  The common 
observation was that the implant loads reduced over time, thus demonstrating 
the effect of tissue viscoelasticity. 
In terms of force transducer design, strain gauges mounted to the surface 
of the tool or implant has been the most common approach as strain gauges 
allow for continuous output.  More recently, piezoresistive micro-electro-
mechanical system (MEMS) sensors are being developed to incorporate into 
screw heads to give a more accurate measure of the three-dimensional loads 
occurring at the implant-bone interface during scoliosis correction (Benfield et 
al., 2008). 
As well as determining applied forces, there has also been an interest in 
obtaining intra-operative measurements of the three-dimensional segmental 
correction achieved by each manoeuvre during posterior scoliosis correction, a 
magnetic digitiser used to capture the position of each exposed spinous process 
(Labelle et al., 1995; Delorme et al., 1999). 
To the best of the author’s knowledge, there have been only three 
instances  in the literature where measurement of forces applied during 
anterior scoliosis correction has been mentioned.  In the very first anterior 
corrections using a flexible cable, Dwyer (1969) measured the tension induced 
in the cable with a spring gauge connected to his tensioning device.  While the 
spring gauge was calibrated to 100 pounds (~450 N), forces in excess of this 
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were applied.  In a study investigating the strength of vertebral body screw 
fixation in vitro, use of a compression clamp instrumented with a spring gauge 
during treatment of thoracolumbar and lumbar deformity by anterior 
instrumentation was noted in the discussion (Snyder et al., 1995).  Compressive 
bending moments in the order of 3Nm were reportedly applied between 
adjacent vertebral body screw heads.  This may be resolved as a force in the 
order of 300-600 N if approximating a screw head length as between 5-10 mm.  
Development of instrumented forceps to measure tensile forces in the rod 
during anterior scoliosis surgery was documented in a technical paper by 
Klöckner et al., (2003), however no reports of intra-operative measurements 
using this device could be found. 
To summarise, there has been an interest in quantifying the intra-
operative biomechanics of scoliosis correction for as long as the surgery has 
been performed.  It is clear that these measurements contribute to better 
understanding the forces required to achieve optimal deformity correction 
while reducing the risk of overloading the spine and implant.  The reports 
however, have been sparse and preliminary in nature given the limited number 
of observations included. 
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2.5 IN VITRO BIOMECHANICAL TESTING OF THE SPINE 
 
In vitro experimentation has long been established as a suitable method 
to investigate spine biomechanics.  The laboratory setting provides a controlled 
testing environment, allowing detailed measurement of mechanical parameters 
that are difficult to obtain in vivo.  Although unable to replicate the true 
physiological conditions of the spine, in vitro simulations provide valuable 
insights into the underlying intrinsic behaviour of the osseoligamentous spine.  
Further, effects of injury or surgical interventions including the integration of 
implants can be explored. 
Non-destructive, cyclic testing is the most commonly used testing 
method.  Loads are applied to spine specimens in any of the three anatomical 
planes to produce movements of flexion, extension, lateral bending, axial 
rotation and axial compression. 
 
2.5.1 Loading methods 
 
The challenge is to reproduce in vitro, spinal motions comparable to 
those experienced in vivo.  The characteristics of the loads applied to the 
specimen are therefore of paramount importance.  In the literature there have 
evolved two distinct approaches to applying loads for in vitro biomechanical 
testing of the spine, each based on a different school of thought: 
1) Force-controlled testing – prescribe a known load and measure the 
resulting motion. 
2) Displacement-controlled testing – prescribe a known motion path and 
measure the resulting loads. 
In practice, both methods are used to produce planar rotations about any 
of the three physiological axes, thus simulating flexion, extension, lateral 
bending and axial rotation.  A schematic of each approach applied to a multi-
segment specimen is shown in Figure 2-17. 
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In force-controlled tests, specimens are loaded with a ‘pure moment’ 
applied to the most cranial vertebra.  Fixation of the specimen at the caudal end 
is designed such that the only constraint produced is equal and opposite to the 
applied moment (Figure 2-17a).  In this way, every segment in the specimen is 
loaded equally and unconstrained motion results. 
Displacement-controlled tests are usually performed as a prescribed 
rotation about a fixed COR (Figure 2-17b).  In these tests, the caudal end of the 
specimen is either completely constrained, or partially constrained, with motion 
allowed in some degrees of freedom.  Therefore, a combination of reaction 
forces and moments may be expected at the base of the specimen. 
 
  
                              (a) (b) 
Figure 2-17: Schematic of (a) pure-moment force-controlled testing; and (b) 
fixed-COR displacement-controlled testing for producing planar motion of a 
multi-segment spine specimen. 
 
A key parameter characterising spinal motion is the location of the IAR 
(refer back to Section 2.2.1), and herein lies the point of difference between the 
two schools of thought.  The rationale behind the application of a pure moment 
is that the specimen is allowed to move freely in all degrees of motion, thus 
effectively choosing its own IAR.  Conversely, in displacement-controlled tests, 
Chapter 2: Literature review 
____________________________________________________________________________________________ 
2-38 
the position of the IAR is chosen, prescribed to the location of the fixed COR.  
There exists controversy concerning the relative merits of both approaches 
(Goel et al., 1995).  
Moment-controlled testing is the most commonly adopted loading 
method for performing in vitro biomechanical studies of the spine.  A range of 
methods have been used to apply pure moments, from cable-pulley systems 
(Oxland et al., 1992; Crawford et al., 1995; Lysack et al., 2000) to more 
sophisticated motor driven systems (Wilke et al., 1994; Goertzen et al., 2004; 
Gedet et al., 2007; Busscher et al., 2011). 
An underlying assumption for the use of moment-controlled testing is 
that pure moment loading is indicative of spinal loads during in vivo motion, 
and therefore the specimen preferred IAR in vitro is also similar to that in vivo.  
To increase the likelihood that this is the case, moment-controlled tests are 
often performed under the action of a compressive pre-load to simulate the 
combined influence of body weight and muscle action (Patwardhan et al., 2003; 
Wilke, Rohlmann et al., 2001; Wilke, Rohlmann et al., 2003). 
The criticism of displacement-controlled testing is that if a specimen is 
forced to rotate about a prescribed COR different to its preferred IAR, non-
physiological motion will occur and may produce erroneous biomechanical 
observations.  There have been a few studies which have demonstrated 
differences in the stiffness response of motion segments subjected to different 
degrees of motion constraint (Charriere et al., 2006; Chung et al., 2002; 
Grassmann et al., 1998).  The challenge is that there is very little data on the 
exact location of motion segment IARs during in vivo motions of the spine.  For 
testing implants the difficulty becomes twofold, given that the IAR is likely to be 
different for the instrumented specimen to that of the intact specimen.  Too 
often studies contain little information as to where the COR was located, or why 
it was chosen.  Furthermore, there is little disclosure as to the combination of 
loads produced during the test. 
Displacement-controlled testing does have some desirable 
characteristics which were discussed by Panjabi et al., (2000).  Most notably is 
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an ability to study the effect of spinal implants on adjacent un-instrumented 
segments by reporting the redistribution of motion which occurs after implant 
attachment.  Subject to the application of a uniform pure moment load, un-
instrumented segments may be expected to move in the same way, regardless of 
the presence of an implant across adjacent segments. 
It is important to note that pure moments are difficult to maintain in 
practice, and secondary loads in addition to the applied moment may be present 
during force-controlled tests (reviewed later in Section 5.2.2).  Similarly, 
physiological pre-loads which maintain an axial line of action along the length of 
a specimen (termed a follower-load) are also difficult to achieve and are prone 
to introducing artefact shear forces throughout testing (Stanley et al., 2004). 
Given the issues affecting both moment-controlled and displacement-
controlled testing approaches, there is a growing interest in developing ‘hybrid-
control’ loading systems which function under displacement-control, but in 
response to force feeback (Gilbertson et al., 2000; Tian and Gilbertson et al., 
2004; Walker and Dickey, 2007; Goertzen and Kawchuk, 2009). 
 
2.5.2 Mechanical parameters 
 
Regardless of the loading method, the basic output produced by in vitro 
spine testing is a load-displacement curve in the plane of primary motion 
(Figure 2-18).  For segmental motions, this curve is typically non-linear, a 
characteristic of soft tissue structures, with an initial region of low stiffness 
(termed the neutral zone) followed by a region of increasing stiffness (termed 
the elastic zone).  Force-controlled tests typically report on the ROM (˚) and the 
flexibility (˚/Nm) in response to an applied moment of known magnitude.  
Displacement-controlled tests are concerned with reporting the spinal stiffness 
(Nm/˚).  It is important to note that the load-displacement curves resulting from 
similar experiments performed using different test methods are not easily 
comparable as the spinal motion produced is dependent on the loading method 
(Panjabi et al., 2000). 
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Figure 2-18: Typical load-displacement curve produced by in-vitro 
biomechanical testing of the spine (reproduced from Wilke, Wenger et al., 1998). 
 
 
2.5.3 Specimens 
 
In vitro studies have utilised human cadaver spines as well as a number 
of animal spine models and artificial spine analogues.  Intuitively, the use of 
human cadaver specimens for simulating human spine biomechanics in vitro 
would appear ideal.  However, human spine specimens are difficult to obtain 
and the biological condition of the tissues vary with age and pathology.  For this 
reason animal spines have been widely used as an alternative model for the in 
vitro biomechanical testing of spinal implants.  The validity of these models has 
been assessed in the literature.  While dogs, pigs and sheep have been 
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considered, calf spines have proved the most widely used approximation for the 
human spine (Wilke et al., 1997). 
Calf spine model critique 
Smit (2002) studied the nature of loads applied to the quadruped spine 
and found the primary loading to be compressive along the axis of the spine (as 
in the human spine), high bending moments being resisted by muscle tension 
and transferred to the spinal column as a compressive load.  This finding was 
supported by the high axial alignment found in the trabecular bone.  Smit 
concluded that while anatomical differences should be understood, the 
quadruped spine can be considered as a valuable human spine analogue for 
biomechanical research. 
Properties of bovine trabecular bone were assessed in a detailed study 
considering lumbosacral vertebrae (Swartz et al., 1991).  While the apparent 
density and compressive strength of the calf vertebra were higher than values 
reported for human vertebrae, the compressive strength of the trabecular bone 
itself compared well with young human trabecular bone (< 20 years).  The 
compressive modulus was also similar, suggesting that bovine vertebral bodies 
are able to withstand the desirable physiological loads applied in vitro to 
simulate the loads on adolescent human vertebra.  The high vertebral strength 
however, should be considered if failure loads at the implant-bone interface are 
of primary interest. 
Anatomical differences between bovine and human spines were 
addressed by Cotterill et al (1986) a photographic comparison shown in Figure 
2-19.  Calves ranging between 6-8 weeks in age exhibit a thoracolumbar length 
most closely resembling the human spine.  In the sagittal plane the calf spine 
shows a gradual kyphosis along the thoracolumbar length, in contrast to the 
human thoracic kyphosis and lumbar lordosis.  The spinous processes in the 
thoracic region of the calf are much longer than in the human spine, although 
their angle is comparable.  This presumably gives the attaching muscles a larger 
moment arm with which to exert axial force on the spinal column, which was 
found to be higher in quadrupeds than humans (Smit, 2002).  The intervertebral 
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disc height in calf spines is generally shorter than in the human spine.  Cotterill 
et al., (1986) noted a similarity in the orientation of the human and bovine facet 
joints in the thoracic spine, however this similarity was seen to diminish in the 
lumbar region. 
 
 
                  (a)                          (b) 
Figure 2-19: a) anterior and b) sagittal view of the human (left) and bovine 
(right) spines (Cotterill et al., 1986). 
 
 Wilke and colleagues (Wilke et al., 1996; Wilke et al., 1997) investigated 
the biomechanical similarities between bovine and human cadaver spines.  A 
good correlation between the range of motion of bovine and human spine 
segments was found, both in the quantities at each segment and in the 
qualitative trend along the length of the thoracolumbar spine (Figure 2-20).  In 
the lumbar region the calf spine was found stiffer than the human spine for 
sagittal plane motions.  These authors propose the low variability in inter-
specimen behaviour observed for the bovine spine as a major advantage over 
cadaver specimens for the testing of spinal implants.  Adams (1995) suggests 
that when studying the efficacy of spinal fixators intended for use in young 
adults, an animal model is preferable to aged human cadaver spines.  This is as 
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size and strength are important factors, of which the animal model may be 
better able to match than the cadaver spine. 
 
Figure 2-20: Thoracolumbar range of motion for calf (under load ±7.5 Nm) and 
human spines (data composed from various sources) (Wilke et al., 1997) 
 
Two studies have sought to assess the suitability of the bovine spine 
animal model for investigating the effects of spinal implants.  Riley et al., (2004) 
compared the response of both bovine and human lumbar specimens to a series 
of destabilising procedures and subsequent instrumentation.  While the surgical 
interventions produced the same trends in behaviour in both the bovine and 
human specimens, the effects were quantitatively different between the two 
spine models.  Kettler et al., (2007) produced a similar finding in their study 
comparing the suitability of the calf, pig and sheep spines for pre-clinical testing 
of both a dynamic and rigid fixator for use in the lumbar spine.  It was noted that 
animal spines may be more suitable for assessing the effect of rigid 
instrumentation, rather than motion preserving implants.  The calf spine was 
found most suitable of the three animal models.  To the author’s knowledge 
there has been no study directly comparing the performance of the calf and 
human spines for testing instrumentation within the thoracic spine.  However, 
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from the above review there is likely to be better agreement than within the 
lumbar spine given the greater anatomical and biomechanical similarities. 
Artificial spine analogues 
Artificial spine analogues have been developed to circumnavigate both 
the challenges of availability and variability in human cadaver specimens, and 
the potential effects of anatomic differences in animal models (Cloutier et al., 
2007; Lewis et al., 1995).  The claim is that by using synthetic models, any 
observed biomechanical differences are due to the instrumentation and not 
potential variations in tissue properties.  Thus far, these models have been 
limited by the simplicity of tissue representation, the posterior elements and 
physiological spinal curves not being represented. 
Specimen preparation 
Biological spine specimens are generally stored frozen at -20°C and 
thawed for the day of testing.  Surrounding soft tissue is dissected while the 
ligamentous and capsular structures are carefully preserved.  Radiographs are 
often taken prior to testing to rule out any pathologic abnormalities 
(Shimamoto et al., 2003).  The moisture of the specimens is generally 
maintained with the use of 0.9% irrigation saline (Betz et al., 2003). 
 
2.5.4 Testing of the thoracic spine 
 
When compared to the large body of work concentrated on the lumbar 
spine, there are relatively few in vitro studies assessing the biomechanics of the 
thoracic spine.  Early studies were concerned with establishing the basic load-
deformation characteristics of thoracic single motion segments (Markolf ,1972; 
Panjabi et al., 1976; Oxland et al., 1992) as well as those of the costovertebral 
and costosternal joints (Schultz et al., 1974; Duprey et al., 2010).  Most 
comprehensive was the study by Panjabi et. al., (1976) which documented the 
flexibility of each thoracic motion segment in response to both linear and 
moment loads in each of the three anatomical planes.  More recent studies have 
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sought to discern the relative contribution of various tissue structures to the 
mechanical response of the thoracic motion segment using a process of 
sequential dissection (Oda et al., 2002; Anderson et al., 2009). 
The first study to assess the interaction between the thoracic spine and 
the rib cage was reported by Oda et al., (1996).  This was a successive dissection 
style of experiment performed on a section of the canine thoracic spine and rib 
cage complex (T5-T8), where the contribution of the posterior complex, the 
costovertebral joints and the sternum were successively determined.  This 
study was the first to establish the importance of including the rib cage when 
evaluating the stability of the thoracic spine, especially in lateral bending and 
axial rotation.  The same model was then used to examine the effects of 
discectomy and unilateral rib head resection on spinal stability, a procedure 
relevant to the anterior correction of scoliosis (Takeuchi et al., 1999).  A more 
recent study has been performed using sections of the human cadaver thoracic 
spine and rib cage (Brasiliense et al., 2011). 
There have only been a handful of in vitro studies which have 
incorporated the use of the entire thoracic spine and rib cage (Feiertag et al., 
1995; Horton et al., 2004; Watkins et al., 2005).  The rib cage and sternum have 
been reported to contribute 40%, 35% and 31% to the stability of the human 
cadaver thoracic spine in flexion/extension, lateral bending and axial rotation 
respectively (Watkins et al., 2005). 
 
2.5.5 Testing of anterior scoliosis instrumentation 
 
In vitro studies into the biomechanical effects of scoliosis implants are 
considered a valuable step in predicting implant performance in vivo (Lewis et 
al., 1995).  As the focus of this thesis is the anterior fixation of scoliosis, this 
discussion will be limited to in vitro biomechanical testing of anterior scoliosis 
instrumentation.  There exists a far larger body of work concerning in vitro 
evaluation of posterior scoliosis instrumentation. 
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The majority of in vitro studies on anterior scoliosis implants have 
focused on their application to the lumbar/thoracolumbar region of the spine.  
Only more recently has attention turned to the testing of anterior 
instrumentation applied for the treatment of thoracic scoliosis (Haher et al., 
2004; Polly et al., 2003; Zhang et al., 2009; Rodriguez-Olaverri et al., 2005). 
In vitro biomechanical testing has been primarily aimed at assessing one 
or more of the following parameters; 1) spine/implant construct stiffness; 2) 
strength at the vertebral body/screw interface and 3) loads within the implant.  
These parameters are of utmost clinical significance, addressing the three major 
implant-related complications.  Construct stiffness is considered paramount to 
achieving a solid spinal fusion, avoiding pseudarthrosis.  Screw pull-out 
indicates a mechanical failure of the fixation at the bone-screw interface, while 
excessive implant loading leads to rod breakage. 
2.5.5.1 Cyclic loading tests 
Cyclic loading tests are intended to evaluate the performance of the 
implant during the immediate post-reconstruction period (Panjabi, 1988).  
Generally the overall stiffness of the spine-implant construct is sought, however 
intervertebral displacements have also been measured to assess the stability 
afforded to individual spinal segments (Shono et al., 1991; Zhang et al., 2006).  
In addition to stiffness, loads on the implant surface and within the shaft of 
vertebral body screws have been measured during cyclic loading tests using 
strain gauges (Lewis et al., 1995; Oda et al., 2000; Polly et al., 2003; Wedemeyer 
et al., 2007; Zhang et al., 2009; Smith et al., 1996). 
Specimen length 
There appear to be two approaches for determining the length of spine 
used for biomechanical testing of an implant.  The first is to leave an intact 
segment at either end of the instrumented region and the second is to include 
only the instrumented length, fixing the proximal and distal instrumented 
vertebrae directly to the loading device.  In the few studies addressing anterior 
instrumentation applied in the thoracic spine, Zhang et al., (2009) applied the 
first approach, testing an implant spanning T9-T15 in a pig spine.  Polly et al., 
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(2003) and Rodriguez-Olaverri et al., (2005) adopted the second approach, 
testing implants spanning levels T4-T11 and T8-T12 in the calf spine 
respectively.  The only study to deviate from these approaches used the entire 
length of the human cadaver thoracic spine (T1-T12) to test an implant 
spanning the levels T4-T9 (Haher et al., 2004).  The effect of these differing 
conditions on the interpretation of results is unclear and in no study has the 
kinematics of un-instrumented segments been assessed individually.  Specimen 
length has been shown to have an effect on biomechanical response (Dickey and 
Kerr et al., 2003). 
Adams (1995) points out the difficulties in using multi-segment specimens: 
- a tendency to buckle under low compressive force. 
- little control of the movement of intermediate segments which may 
bend and twist in non-physiologic ways. 
Both of these difficulties arise from the absence of the muscles.  While there has 
been attempt to simulate muscle loading (Wilke et al., 1994; Wilke et al., 2003), 
these methods introduce additional difficulties. 
Order of testing 
The study design usually follows the protocol of first testing the stiffness 
properties of the intact specimen, to which the stiffness of the instrumented 
spine can then be compared.  Some more recent studies have omitted this 
protocol and chosen instead to directly compare stiffness across the various 
implants assessed (Wedemeyer et al., 2007; Zhang et al., 2009).  This method 
however neglects to consider the effect of variability in the properties of the 
intact specimens.  Appropriate surgical destabilisation is simulated by 
discectomy at every level to which the implant is then attached.  Attempts have 
also been made to characterise the stiffness of the destabilised specimen before 
testing with an implant (Shono et al., 1991).  Most often this step has been 
discarded however, due to difficulty in maintaining adequate stability of the 
specimen during testing (Polly et al., 2003). 
Effect of structural support and rod properties 
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Early studies compared the performance of anterior constructs in the 
lumbar spine with traditional posterior implants (Shono et al., 1991; Spiegel et 
al., 1999).  As anterior approaches were substantiated and clinical use became 
more widespread, in vitro studies focused on trialling strategies to improve 
implant stability.  The use of structural support in the form of cortical bone 
dowels or metal cages placed at the intervertebral discectomy sites proved 
valuable in the thoracolumbar spine (Fricka et al., 2002; Spiegel et al., 2000; 
Spiegel et al., 1999).  In the thoracic spine, Polly et al., (2003) characterised 
construct stability, testing various strategies for including inter-body structural 
support.  These strategies were compared with that of increasing rod diameter, 
the results indicating that inter-body support was more effective than a rod 
diameter increase for improving construct stability. 
Oda et al., (2000) found an increase in rod diameter the range from 
4.75mm to 6.35mm did not have a significant effect on either the construct 
stiffness or implant strain in the lumbar spine.  Haher et al., (2004) observed a 
similar result when comparing 4mm and 5mm diameter rods in thoracic spine 
constructs.  In contrast, Wedemeyer et al., (2007) found that a 5mm diameter 
rod added significant stiffness compared with a 4mm diameter rod used in 
thoracolumbar constructs tested in lateral bending and axial rotation. 
Stainless steel has been the most common material used in scoliosis 
implants. More recently however, titanium has been introduced and in vitro 
studies have accordingly compared the stability performance of both materials.  
Haher et al., (2004) found that titanium delivered a comparable level of stability 
in thoracic constructs and suggested it may contribute to a lower rate of rod 
breakage, due to its lower yield point compared with stainless steel.  This result 
was confirmed in a similar study where rod stress was measured directly during 
stability testing (Wedemeyer et al., 2007). 
Implant configuration 
Various studies have compared the stability performance of single and 
dual rod configurations (Fricka et al., 2002; Lowe et al., 2005; Oda et al., 2000; 
Shono et al., 1991).  More recently, a combination of rod configurations 
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including dual rod fixation exclusively at the apex were assessed in the thoracic 
spine (Zhang et al., 2009).  Cloutier et al., (2007) assessed various parameters of 
vertebral body screw fixation, including screw diameter, angle of insertion and 
extent of insertion (mono or bi-cortical fixation).  The effects of these 
parameters were assessed not only in terms of stability afforded in the direction 
of loading, but also in terms of the extent of coupled motion exhibited during 
stability testing.  This was because coupled motion at an instrumented segment 
had been proposed as a possible factor predisposing the segment to 
pseudarthrosis.  This is also the only study where the effects of fusion length on 
construct stability were assessed. 
Fatigue testing 
Loads to which an implant will be subjected to in the long term cannot be 
assessed by in vitro methods, however cyclic loading protocols have been used 
to gauge the fatigue characteristics of an implant (Shimamoto et al., 2003; 
Rodriguez-Olaverri et al., 2005; Zhang et al., 2006).  To induce implant failure is 
unfeasible due to the in vitro onset of biological tissue degradation.  Generally, 
cyclic loading is used in conjunction with other testing modes to obtain data 
that evaluate implant performance at two time points. 
Shimamoto et al., (2001) quantified the pull-out strengths of vertebral body 
screws after cyclic loading of multi-segment thoracolumbar constructs in 
flexion.  This was in response to the suggestion that post-operative loss of 
sagittal profile was due to loosening at the screw-bone interface.  A substantial 
decrease in rotational pull-out strength of the most proximal and distal screws 
were found after 24000 loading cycles, supporting this theory.  Spiegel et al., 
(2000) demonstrated a similar finding from a small pilot study subjecting single 
rod implants in the lumbar spine to 4000 cycles of lateral bending. 
Overall construct stability in the thoracolumbar spine was found 
decreased for single rod implants following fatigue simulations performed in 
flexion (Shimamoto et al., 2003).  In a similar study Zhang et al., (2006) 
measured stability as the range of motion of each instrumented joint and found 
the reduction in stability following fatigue simulation was concentrated at the 
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proximal and distal ends of the construct.  Rodriquez-Olaverri et al., (2005) 
tested a strategy of introducing a coronal plane insertion angle for proximal and 
distal screws.  This strategy proved to increase single rod construct stability 
after fatigue loading of 10 000 cycles of lateral bending.  This study was 
performed in both thoracic and lumbar specimens. 
2.5.5.2 Static strength of the screw-vertebra fixation 
Given that screw pull-out is a commonly occurring implant-related 
complication associated with anterior scoliosis correction, screw-vertebra 
fixation strength has been investigated by several authors.  Most commonly, 
screws have been tested for their resistance to forces applied both parallel to 
and perpendicular to the axis of the screw.  The direction of these loads are 
designed to approximate the two clinical modes of failure, axial screw pull-out 
and screw plough, respectively.  A summary of the screw-vertebra fixation 
strengths as determined by in vitro test methods is given in Table 2-3. 
Mahar et al., (2006) identified two modes by which screw plough can 
occur which they termed ‘constrained’ and ‘unconstrained’ (Figure 2-21).  
Constrained screw plough represents the failure mode when the screw has been 
locked onto the rod, while unconstrained screw plough reflects the failure mode 
when the screw is able to rotate relative to the axis of the rod.  This is thought to 
be the most likely mode of failure during the intra-operative application of 
compressive forces during anterior scoliosis correction (Mohamad et al., 2006). 
 
                                  (a)                             (b) 
Figure 2-21: Two modes of vertebral body screw plough; a) constrained plough 
and; b) unconstrained plough (Mohamad et al., 2006) 
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Fixation strength has been found to be increased by both a bi-cortical 
purchase of the screw as well as by the use of a multi-pronged staple which 
effectively increases the cross-sectional area of fixation (Mahar et al., 2006; 
Snyder et al., 1995; Breeze et al., 1998).  Bone quality has also been found to be 
positively correlated with screw fixation strength (Breeze et al., 1998; Eysel et 
al., 1998; Seller et al., 2007).  Mohamad et al., (2006) also found that the 
anatomical level of the vertebra influenced the fixation strength within human 
thoracic specimens, as the fixation strength increased as the vertebral level 
became more inferior.  The effect of screw diameter (Seller et al., 2007) as well 
as various screw orientations within the vertebra (Horton et al., 1996) have also 
been the topic of investigation. 
Most recently, Mayo et al., (2010) developed a novel test rig to determine 
screw vertebra fixation strengths when the screw is pulled out along a curved 
path of known radius (distance between adjacent screws).  This was proposed 
to more accurately represent the loads to which the screws are subjected post-
operatively.  A number of radii and screw orientations within the vertebra were 
assessed and an ‘optimal’ screw placement for the most proximal screw in a 
construct was proposed. 
 
Table 2-3: Vertebral body screw fixation strengths 
Reference Specimens 
(age) 
Screw 
diameter 
(mm) 
Axial pull-out 
strength 
(Average ± SD) 
Perpendicular 
cut-out strength 
(screw plough) 
Snyder et 
al., 1995 
Calf lumbar (2 
wks) 
6.5  2.9 Nm (uni-
cortex) 
3.2 Nm (bi-cortex) 
4.7 Nm (bi-cortex 
+ staple) 
Ogon et al., 
1996 
Human 
lumbar (49-76 
yrs) 
6.0 
(Zielke) 
578 ± 224 N 
(Zielke) 
 
472  ± 98 N 
(Zielke) 
Horton et 
al., 1996 
Human 
thoracic (52-
73 yrs) 
6.5 
(Danek 
TSRH) 
 No staples 
Midbody screw 
configuration: 
138 ± 49 N 
Superior oblique 
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configuration: 
209 ± 67 N 
Eysel et al., 
1998 
Human 
lumbar L1 (29-
91 yrs) 
6.0 503.7 ± 233.7 N  
Breeze et 
al., 1998 
Human 
thoracic (68-
79 yrs) 
6.5 Uni-cortical: 
496 ± 424 N 
Bicortical: 
616 ± 55 N 
 
Shimamoto 
et al., 2001 
Calf 
thoracolumbar 
(T6-L6) 
(6-8 wks) 
7.0 
(ISOLA) 
6.5 (TSRH 
and 
BWM) 
701 ± 347 N 
(ISOLA) 
919 ± 193 N 
(TSRH) 
1027 ± 392 N 
(BWM) 
 
Mahar et 
al., 2006 
Human 
thoracic 
(adult) 
And foam 
analogue 
6.0  Constrained 
plough 
562 ± 110 N 
694 ± 53 N (with 
staple) 
 
Unconstrained 
plough 
188 ± 20 N 
530 ± 110 N (with 
staple) 
Mohamad 
et al., 2006 
Human 
thoracic 
vertebrae (62 
± 12) 
5,6,7 
Moss-
Miami 
(DePuy 
Spine) 
 Unconstrained 
without a staple 
367.9 ± 224.3 
380.9 ± 199.4 
407.6 ± 231.0 
Seller et 
al., 2007 
Calf 
thoracolumbar 
vertebrae (T4 
– L6) 
(10 – 18 wk) 
7 different 
screw 
designs 
5-8mm 
diameters 
Total range 
2072 (± 122) – 
3207 (± 122)  N 
 
Mayo et 
al., 2010 
Synthetic 
cancellous 
Bone analogue 
6.5 
 
561 ± 9N  
 
ISOLA – Depuy-Acromed Corp., Rayham, MA 
BWM (Bad Wildungen Metz) – Howmedica International, London 
TSRH (Texas Scottish Rite Hospital system) – Sofamor Danek, Memphis, TN) 
Chapter 2: Literature review 
____________________________________________________________________________________________ 
2-53 
 
2.6 IN SILICO BIOMECHANICAL MODELLING OF THE SPINE 
 
There are a growing number of studies using in silico methods to study the 
biomechanics of scoliosis correction.  The behaviours of spinal components are 
represented mathematically in computer models allowing for “virtual 
experimentation” which offers several advantages over traditional physical 
experiments which include the ability to: 
 perform repeatable simulated experiments where issues of specimen 
variability and conditioning are overcome. 
 isolate and explore the biomechanical influence of individual tissue 
structures. 
 predict values for the internal stresses and strains within individual 
spinal structures, without the limitations of physical measurement 
methods 
In reality however, these “infinite” possibilities rely on the results of in 
vitro and in vivo experiments to provide realistic data for material and geometry 
representation as well as loading conditions, the accuracy of which determines 
the scope for in silico application (Viceconti et al., 2005).  In Figure 2-22 is 
shown an example of a finite element model being developed for simulating 
anterior scoliosis surgery.  This model is being developed by the Paediatric 
Spine Research Group (PSRG) at the Queensland University of Technology 
(QUT) with whom the work presented in this thesis has been carried out. 
 
Figure 2-22: Patient-specific finite element model of the spine for simulating 
anterior scoliosis surgery. (Little and Adam, 2011) 
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 CHAPTER 3
 
Development of a force transducer to 
measure intra-operatively applied 
corrective forces during anterior 
scoliosis surgery 
 
 
The thoracoscopic surgical procedure for insertion of anterior 
instrumentation to treat thoracic scoliosis was described in detail in Section 
2.3.4.  Compression, applied sequentially between each adjacent pair of 
vertebral body screws is the predominant force applied in achieving deformity 
correction.  These compressive forces are therefore key biomechanical 
parameters for which there is currently no data concerning their magnitudes. 
This chapter describes the design and development of a transducer to 
measure the compressive forces applied during anterior scoliosis surgery (Refer 
to Section 2.2.4 for .  The mechanical operation of the surgical compression tool 
is first described.  A two-dimensional mathematical model is then presented to 
characterise how compressive force is transmitted to the spine and how this is 
affected by variability inherent in the surgeon’s use of the tool.  Following a 
description of the force transducer design, the method used for experimental 
calibration is presented.  The calibration results are then discussed in light of 
variations present in both the function of the surgical tool and the method of 
application by the surgeon. 
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3.1 THE SURGICAL COMPRESSION TOOL 
 
The surgical compression tool used at the Mater Children’s hospital for 
thoracoscopic anterior scoliosis surgery is a cable compressor (848-959 
MM071001, 17-4PH stainless steel, Medtronic Sofamor Danek) shown in Figure 
3-1.  The two ends of a single length of braided stainless steel cable (Grade 304) 
are inserted through two entry points at either side of the foot of the 
compressor, the exposed cable forming a loop.  The two internal strands of cable 
run parallel through the cable guide and exit at the rear of the compressor 
where the ends are then secured to the actuator by engaging the cable lock.  The 
cable lock consists of a pivoted lever arm with a toothed cam mechanism which 
crimps the cables, and tightens its grip as cable tension increases. 
 
Figure 3-1: Ratchet style cable compressor used for corrective force 
application during anterior scoliosis surgery. 
 
The cable compressor functions as a ratchet device operated by the 
surgeon.  A pawl at the end of the handle engages with a linear rack of teeth on 
the underside of the actuator shaft (not shown in Figure 3-1).  Compression of 
the handle produces linear motion of the actuator shaft relative to the 
compressor body, pulling the cable through the compressor and thus reducing 
Toothed rack 
actuator shaft 
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the length of the exposed loop of cable.  Once released, the spring loaded handle 
is returned to its set position while the new actuator position is held, forcing the 
pawl to slide back over any teeth which have been displaced and settle against 
the next tooth to be engaged.   
During the course of force transducer calibration, it was observed that 
the actuator position achieved by handle compression was not always held, but 
that (when the cable was bearing load) the actuator shaft often regressed by a 
given amount on subsequent handle release.  This characteristic will be referred 
to as ‘backlash’ and is illustrated in Figure 3-2.  Backlash is a property inherent 
to a ratchet and geared mechanism, and is attributed to the function of an 
internal actuator lock (independent of the holding action of the pawl) whereby 
locking conditions are located at discrete intervals along the length of the 
actuator shaft  (as a function of tooth spacing).  The amount of backlash is 
subject to variation (maximum backlash ≤ 1 tooth pitch), because there is 
variation in actuator displacement produced by each handle compression.  The 
variable presence of backlash during compression has implications when 
interpreting force measurements and is examined later in Section 3.2.4. 
 
 
Figure 3-2: Illustration of a single cable compression step where    and    are 
the cable displacements (i.e. actuator shaft displacement) after handle 
compression and release respectively.  The compressor is shown in; a) Set 
position; b) after handle compression and; c) after handle release. 
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The cable displacement is limited by the length of available toothed 
actuator shaft.  At the end of its travel, the actuator position can be reset by 
turning the shaft about its axis so that the teeth are no longer engaged with the 
pawl, at which point the actuator shaft is able to freely slide back through the 
compressor body.  If the cable is first released from the cable lock, manually 
held while the actuator is returned, and then re-locked, further cable 
compression is possible.  However in this research, intra-operative compressive 
distances greater than the amount afforded by a single length of actuator teeth 
were never required. 
 
 
3.2 MATHEMATICAL MODEL OF COMPRESSION APPLIED TO A 
SINGLE SPINAL SEGMENT 
 
The compressive force applied to each spinal segment is a function of the 
tension developed within the cable.  Therefore, cable tension is the force which 
a transducer must be designed to measure.  In this section a two-dimensional 
mathematical model describing the transmission of cable tension to the spine is 
developed, necessary for biomechanical interpretation of cable tension 
measurements.  Subject to a number of assumptions, this model provides a tool 
which is used to explore how force transmission is affected by variables 
associated with the surgeon’s use of the cable compressor and the function of 
the cable compressor itself.  For reference, a two-dimensional illustration of 
segmental compression which shows the orientation of surgical tools, spine and 
implant is given in Figure 3-3. 
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Figure 3-3: A two-dimensional representation of spinal segment compression 
as applied by a cable compressor during anterior scoliosis correction 
performed using a thoracoscopic surgical technique. (Figure has been modified 
from CD Horizon® Eclipse™ Spinal System Surgical Technique Manual produced 
by Medtronic Sofamor Danek) 
 
3.2.1 Cable tension 
 
A two-dimensional free body diagram of the cable as it enters the 
compressor is shown in Figure 3-4.  The cable enters the compressor at an 
angle,    to the cable guide axis (x-axis in Figure 3-4) and contacts the inside 
surface of the compressor foot as it is redirected into the cable guide.  The 
compressor exerts a reaction force,  , on the cable and cable motion is opposed 
by friction,  , acting between the cable and compressor.  Because of the 
frictional force, the cable tension inside the compressor,    , will be different 
from the cable tension external to the compressor,   .  The static force analysis 
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that follows characterises the relationship between    and   .  The following 
assumptions were made: 
1. The cable is inextensible and the surface of the cable is smooth. 
2. The orientation of the cable compressor with respect to the implant 
remains constant throughout compression (i.e. the cable compressor is 
held rigid by the surgeon). 
3. Dynamic and inertial forces are negligible compared to the static forces, 
making a static analysis appropriate. 
4. The coefficient of friction between cable and cable guide is 0.1 and 
remains constant throughout compression. 
5. Bending stiffness of the cable is negligible. 
6. Friction acting between the two strands of cable is negligible, making the 
forces at both cable entry points identical and therefore justifying an 
analysis of a single cable strand.  (Note that two strands of cable enter 
the compressor due to the external loop).  It is therefore assumed that 
the total tension applied to the spinal joint,    , is carried in equal 
portions by the two cable strands (      each). 
 
Figure 3-4: Free body diagram of the cable at the entry into the compressor 
body. (force directions are shown for the case of the cable being pulled into the 
compressor; also note that two strands of cable are present due to cable loop) 
 
The component reaction forces    and    are the orthogonal components of the 
reaction force   exerted by the compressor on the cable where: 
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| |  √  
    
  Equation 3-1 
Friction acting between the cable and compressor is calculated as follows, 
where     is the coefficient of static friction: 
     | | Equation 3-2 
Static equilibrium of forces requires that ∑     and ∑     and therefore: 
             Equation 3-3 
         
 
Equation 3-4 
The force in the cable must also be in equilibrium and therefore as the cable is 
pulled into the compressor the following holds true: 
        Equation 3-5 
In the case where the cable moves out of the compressor the following equation 
applies: 
        Equation 3-6 
By incorporating Equations 3-1 to 3-4, Equation 3-5 and Equation 3-6 can be 
rewritten respectively as follows: 
 
         [√                      ] Equation 3-7 
         [√                      ] 
Equation 3-8 
 
The relationship between    and    is dependent on the values of     and  , as 
well as the direction of cable motion. 
Solving Equations 3-7 and 3-8 for    yields both a positive and negative root 
answer.  The positive root was used as the equation to solve for    when the 
cable is moving out of the compressor.  The negative root was used as the 
equation to solve for    when the cable is moving into the compressor. 
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3.2.2 Application of cable tension to a spinal joint 
 
Cable tension is applied to the implant via the plug introduction guide.  
The cable is wrapped around the cylindrical plug introduction guide which is 
seated over the vertebral body screw head.  A two-dimensional free body 
diagram of the plug introduction guide is shown in Figure 3-5.  The looped cable 
applies a force    at an angle   and at a height    above the central axis of the 
rod.  The inside edge of the plug introduction guide pushes against the vertebral 
body screw head which exerts a reaction force      considered as a point force 
exerted midway along the screw head height above the surface of the rod, a 
distance     measured from the central axis of the rod.  The moment created by 
   must be resisted by the surgeon’s grip at the handle of the plug introduction 
guide, represented as point A in Figure 3-5, a height    above the central axis of 
the rod. 
The static force analysis that follows determines the relationship 
between cable tension    and the vertebral body screw reaction force     .  The 
following assumptions were made: 
1. The cable is inextensible. 
2. The surgeon applies just enough force at point A to prevent the plug 
introduction guide from lifting off or pivoting about the vertebral body 
screw head. 
3. Both the vertebral body screw and the plug introduction guide are 
aligned orthogonal to the axis of the rod. 
4. No slippage occurs between cable and plug introduction guide (i.e. 
         , where µ is the coefficient of friction acting between cable 
and plug guide) 
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Figure 3-5: Free body diagram of the plug introduction guide (note that the X-
axis is aligned with the axis of the rod). 
 
With reference to Figure 3-5 and the terms identified in it, the force 
exerted by the surgeon’s grip at point A is represented by its components    and 
   in the x and y directions respectively.  The condition of equilibrium requires 
that at any point ∑   .  By evaluating the sum of moments about point A, the 
forces applied by the surgeon can be excluded from the analysis and a 
relationship between      and    stated as follows: 
 
     
           
  
    
       
 Equation 3-9 
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Where: 
           Equation 3-10 
           Equation 3-11 
It is shown by Equations 3-9 to 3-11 that the force transferred by the plug 
introduction guide to the vertebral body screw by a given cable tension    is 
dependent on both the height    and angle   at which the cable is looped 
around the plug introduction guide.  Also note that        and            . 
 
3.2.3 Transfer of force to the vertebra-screw interface 
 
The plug introduction guide contacts the vertebral body screw head and 
pushes it along the rod.  A free body diagram of the vertebral body screw is 
illustrated in Figure 3-6.  The force exerted by the plug introduction guide is a 
plough force,      where           .  Motion of the screw along the axis of the 
rod in the –   direction is opposed by two sources, friction acting between the 
screw and rod as well as the resistance of the spine itself.  The rod exerts a 
normal force,    on the screw head at both the top and bottom contacting edges.  
Resistance of the spine is represented as a resultant force,   , acting midway 
along the length of the screw thread embedded in the vertebral body, a distance 
   from the central axis of the rod. 
The static force analysis that follows determines what proportion of     
is transmitted to the spine, and what proportion is needed to overcome friction 
between the screw and rod.  The following assumptions were made: 
1. The rod remains stationary. 
2. The coefficient of friction remains constant throughout compression. 
3. The vertebral body screw is aligned orthogonal to the axis of the rod. 
4. The plug introduction guide does not exert any force on the rod. 
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Figure 3-6: Free body diagram of the vertebral body screw (see also Figure 3-5). 
 
 Static equilibrium of forces requires that ∑     therefore: 
             Equation 3-12 
Where   is the friction acting between the vertebral body screw and rod: 
       Equation 3-13 
Where N is the normal force identified in Figure 3-6. 
Equilibrium of moments about point A requires the following to be true: 
∑                    
Equation 3-14 
Equation 3-14 can be rewritten as follows: 
  
          
 
 Equation 3-15 
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Equation 3-15 can be substituted into Equation 3-13 which is then substituted 
into Equation 3-12 and yields: 
   
              
        
 Equation 3-16 
 
Given that          , Equations 3-9 and 3-16 provide the relationship 
between applied cable tension,     and the resulting force exerted on the spine 
at the screw-vertebra interface,   . 
3.2.4 Analysis 
 
A flow chart summarising the key parameters of the mechanical model 
which have been described in the preceding sections is shown in Figure 3-7. 
 
Figure 3-7: Key parameters of  a two-dimensional mathematical model 
describing the transmission of corrective forces to the spine applied by a cable 
compressor during anterior scoliosis surgery. 
 
There are two relationships of interest for the development of a force 
transducer to measure cable tension.  The first is that between internal cable 
tension    , and external cable tension   .  While it is the magnitude of    which 
is desired, an experimental measurement of    is most plausible.  The second is 
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to determine what proportion of applied cable tension    is transmitted to the 
spine at the screw-vertebra interface as   .  Both of these relationships are 
affected by variables which are under the surgeon’s control, these being  ,   
and     .  A simulation of spinal joint correction using the mathematical model 
was performed to investigate the effect of expected variability in these 
parameters. 
A series of five sequential cable compression steps was modelled using 
an arbitrary time scale with increments in seconds.  Cable displacement 
increments,    and   , were prescribed for each of the compression steps  
(defined previously in Figure 3-2).  The displacement on handle compression    
was applied in linear increments over four seconds, while the displacement on 
handle release    (backlash) was applied in a single increment of one second.  
Note that the timescale used is simply for convenience and does not enter into 
the static analysis.  Each compression step was then held for five seconds before 
the next was applied.  This provided three columns of data; time (s), cable 
displacement increment (mm), and the cumulative cable displacement (mm).  
The resistance of the spine to cable compression was modelled using a spring of 
arbitrary stiffness to generate a corresponding column of data for   .  The 
mathematical relationships established in the model were then used to produce 
corresponding columns of data for each of forces      ,    and    . 
The simulation allowed for unique values of each of the variables  ,   
and     to be assigned independently for each cable compression step.  
Coefficients of friction     and     were kept constant and assigned the value 0.1 
to approximate the friction acting between the two steel surfaces assumed to be 
lubricated to some extent by body fluid (Meriam et al., 2002 - p 695 – steel on 
steel –‘greasy’).  Full details of the model including all variables and calculations 
are provided in an Excel spread sheet as Appendix A. 
A plot of both    and    against time is shown in Figure 3-8 for an 
analysis where each of the five compression steps exhibited 0.5mm of backlash 
         ,         ).  Each handle compression produces a sharp rise in 
tension, which falls with subsequent handle release.  Note that these transient 
peaks in tension are more pronounced in    than in   . 
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Figure 3-8: Model simulated cable tension output for five consecutive cable 
compression steps, each exhibiting backlash (         ,         ). 
 
 
For contrast, output traces of    and    for an analysis where each 
compression step did not exhibit backlash          ,         ) are 
presented in Figure 3-9.  Note the difference in the characteristic shape of the 
output to that shown in Figure 3-8. 
 
 
Figure 3-9: Model simulated cable tension output for five consecutive cable 
compression steps, each with no backlash (         ,         ) 
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The tension produced as a result of each compression step corresponds 
to the plateaus following each increase (or peak) in tension.  The relative values 
of    and    at these plateaus determines their relationship.  To demonstrate the 
effect of backlash, plots of    versus    for both the simulation with backlash 
(Figure 3-8) and the simulation without backlash (Figure 3-9) are shown in 
Figure 3-10.  A different coefficient of proportionality is predicted, depending on 
the presence of backlash. 
 
 
Figure 3-10: Model predicted relationship between    and    evaluated for the 
plateau regions which follow each increment of cable compression as modeled 
in Figures 3.8 and 3.9. 
 
In the above simulations the exit angle of the cable   was set at 90˚ for all 
five compressions.  This assumes the cable compressor is applied perpendicular 
to the rod.  In surgery, the orientation of each segment relative to the nearest 
access portal is expected to vary, and therefore variation is also expected in  .  A 
variation in   within the limits of 60˚ ≤ α ≤ 90˚ was considered a reasonable 
estimate to model the maximum variation possible for intra-operative use of the 
cable compressor.  This variation had minimal effect on the relationship 
between    and    predicted by the model, changing the proportionality 
coefficient to 0.9044 in the case where backlash was modelled and to 1.1057 in 
the case without backlash.  For a given value of applied cable tension   , this 
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results in a maximum variation in the tension developed within the cable 
compressor,    of 4.2% due to expected variability in compressor angle  . 
The proportion of applied cable tension    which is transferred to the 
vertebra-screw interface as    is dependent on the orientation of the cable 
looped around the plug introduction guide, modelled by variables     and  .  
Values for     and   of 15 mm and 0˚ respectively were chosen to represent 
what was considered the most common application of the cable.  Estimates for 
the maximum variability expected during intra-operative use of the cable 
compressor were considered to be the combinations (              ) 
and                  .  Model predicted output of applied cable tension 
   along with the force required to achieve the simulated segment compression 
   are both plotted in Figure 3-11.  Cable tension    is shown for each of the 
three sets of     and   combinations just discussed.  It was predicted that the 
proportion of cable tension transmitted to the screw-vertebra interface varied 
between 49% and 59% at those credible compressor orientations.  The 
remainder is used to overcome friction at the screw-rod interface (Equation 
3-16). 
 
Figure 3-11: Model predicted output for applied cable tension    and force 
transmitted to the spine    for a series of five cable compressions.    is plotted 
for three combinations of variables    and  . (Note that     and     are 
superimposed) 
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To summarise, a mathematical model was developed to understand the 
transmission of cable tension to the spine.  Important outcomes from this 
analysis were: 
 The cable tension internal to the compressor is different to the tension in 
the cable external to the compressor, due to friction acting at the point of 
exit.  This relationship is proportional and dependent on the function of 
the compressor itself, whether actuator shaft backlash occurs after a 
handle compression. 
 Variation in the relationship between internal and external cable tension 
due to expected variability in the orientation of the tool (α) during 
surgery is small. 
 It is estimated that a force approximately 59% of applied cable tension    
is transmitted to the screw-vertebra interface as a plough force.  
Variation in this estimate attributable to variability in the orientation of 
the cable at application is a maximum 10% reduction. 
 
 
 
 
 
 
 
 
 
 
 
Chapter 3: Intra-operative force transducer development 
____________________________________________________________________________________________ 
3-72 
3.3 FORCE TRANSDUCER DESIGN 
 
Having modelled the relationship between cable tension and the force 
transferred to the vertebra in the previous section, the following section 
describes the design of a force transducer which provides real time 
measurements of cable tension. 
The following functional requirements were set for the force transducer: 
1. Must provide an accurate measurement of cable tension. 
2. Be retrofit onto the existing cable compressor. 
3. Must not come into direct contact with the patient. 
4. Must not alter/interfere with the surgeon’s normal use of the cable 
compressor. 
5. Must be compatible with standard hospital sterilisation procedures. 
6. Must be mechanically robust to withstand repeated use. 
7. Must have a stable calibration over many cycles of use to minimise 
support, maintenance and recalibration. 
Uniaxial strain gauges were chosen as the basic component of the force 
transducer to meet the requirements outlined above.  Suitable strain gauges are 
constructed by a metal foil grid mounted onto a plastic backing material.  The 
backing material provides an insulated and bondable surface for gauge 
installation to the test specimen.  Strain gauges provide a relatively inexpensive 
and versatile force transducer.  They have a low profile and can be easily 
isolated from the external environment, amenable for hospital sterilisation and 
repeated handling.  Furthermore, the use of strain gauge force transducers on 
surgical tools has been established in the literature (Refer to Section 2.3). 
Two approaches for the design of the strain gauge force transducer were 
considered.  The first was to measure cable tension directly by attaching a strain 
gauge transducer to the cable itself.  This option was discarded for a number of 
reasons.  Cable position varies during use of the compressor, which reduces the 
available locations where both damage to the transducer and interference by 
lead wires can be avoided.  Furthermore, cables are subject to wear and are 
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routinely replaced.  The second approach was to indirectly measure cable 
tension by measuring the force exerted by the cable on the body of the 
compressor.  For the success of this approach, a location on the compressor 
body where strain is consistently a function of cable tension was required.  Of 
equal importance is a location where the strain is also insensitive to all other 
externally applied forces which are transient in nature, such as those exerted by 
the surgeon. 
It became clear that by using the strain gauge approach, a measurement 
of compressor strain due exclusively to the action of external cable tension,   , 
was not possible.  The cable guide shaft near the compressor foot was 
considered and dismissed for two reasons.  Its position within the patient added 
practical design difficulties as well as an unpredictable influence of externally 
applied forces (especially reaction forces at the contact between compressor 
foot and implant).  Therefore a measurement of strain proportional to internal 
cable tension,     , was sought. 
The surface of the actuator shaft provided a suitable location for strain 
measurement as is demonstrated by the free body diagram shown in Figure 
3-12. 
 
Figure 3-12: Free body diagram of the cable compressor actuator shaft. 
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When stationary, the exposed portion of the actuator shaft acts as a 
cantilever beam with one end fixed at the entry of the shaft into the compressor 
body.  Once the surgeon has engaged the cable lock, the tension in the cable    is 
the only force acting on the shaft which induces a constant bending moment   
in the shaft positioned parallel to the cable: 
       Equation 3-17 
The bending stress,  , at the surface of the shaft is given by: 
  
  
 
 
Equation 3-18 
 
Where   is the radius of the shaft and   is the 2nd moment of area of a beam with 
circular cross-section: 
  
   
 
 
Equation 3-19 
 
Note that while there is also an axial component of compressive stress acting on 
the shaft, it is negligible when compared to the bending stress.  Strain at the 
surface of the shaft   is therefore calculated as: 
  
 
 
 
Equation 3-20 
Where   is the elastic modulus of the shaft. 
Therefore, the theoretical relationship between surface strain and cable tension 
internal to the compressor is defined as follows: 
  
    
    
 Equation 3-21 
 
The actuator shaft also provides a location where the transducer will not 
come into direct contact with the patient.  A sensor installed on the actuator 
shaft will however reduce the length of actuator available for compression.  This 
presents a concern if the surgeon’s routine use of the compression tool is 
disrupted as a result.  The forecasted effect was considered negligible as 
observation found the full length of the actuator was never required by the 
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surgeon during the correction of a spinal segment.  To minimise any possible 
disruption, the rear end of the actuator shaft was chosen for strain gauge 
placement. 
Equation 3-21 was incorporated into the mathematical model for cable 
compressor function presented in Section 3.2 thus providing a relationship 
between actuator shaft surface strain   and external cable tension   .  Using the 
same simulation method as described in Section 3.2.4, model predicted output 
for both   and    for sequential compression steps are presented in Figure 
3-13a, while a corresponding theoretical calibration curve is shown in Figure 
3-13b (refer to digital Appendix A for details of simulation).  Note that the case 
where cable compressor backlash occurs on each compression step is shown. 
The transducer design therefore assumes there is a consistent linear 
relationship between    and      Subject to the stated assumptions, the analysis 
performed in Section 3.2.4 suggests this to be the case.  Variability is expected 
due to possible variations in the positioning and function of the cable 
compressor.  The uncertainty associated with this variability has however been 
characterised by the model simulations presented in Section 3.2.4 and this will 
be useful in the assessment of in vivo measurements presented in Chapter 4. 
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(a) 
 
 
 (b) 
 
Figure 3-13: a) Model simulated output for cable compressor actuator shaft 
surface strain  , and external cable tension     [       ,      ];  b) 
Corresponding theoretical calibration for the relationship between    and  . 
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3.3.1 Strain gauge configuration 
 
Two linear strain gauges connected in a Wheatstone half-bridge circuit 
and positioned symmetrically 180˚ apart on the top and bottom surfaces of the 
actuator shaft were chosen for the transducer design (refer to Figure 3-12).  
This configuration gives a robust design for measuring bending strain, the mode 
of strain induced on the actuator shaft by cable tension. 
The advantage of this two-gauge configuration is that the change in 
resistance registered by the circuit is a cumulative result of the strain 
experienced by the two gauges on opposite surfaces of the shaft.  This produces 
two desirable effects; a larger output voltage than provided by a single gauge 
and thus greater sensitivity in strain measurement and; isolated measurement 
of bending strain as any axial strain common to both gauges is electrically 
cancelled.  Also inherently provided is protection against the influence of 
transient strains induced by temperature fluctuations, assuming both gauges 
are close enough in proximity to be subjected to the same temperature. 
Gauge specifications were chosen in consultation with the gauge 
manufacturer’s strain gauge selection notes (Tech Note TN-505-4, Micro-
measurements, Vishay Precision Group). The chosen gauges were general 
purpose 120 ohm linear gauges with a constantan foil grid of dimensions 0.38 
mm x 0.51 mm (length x width) (Gage designation number: EA-06-015DJ-
120/LE Vishay Precision Group Micro-Measurements, Raleigh, NC, USA).  These 
gauges were encapsulated by a layer of polyimide film (0.025 mm thick) for 
protection against contamination during gauge handling and installation. 
The curved surface of the actuator shaft was a limiting factor in choosing 
the grid size.  A width small enough to ensure adequate contouring of the gauge 
was required.  In addition the shortest gauge possible was desired to minimize 
the length of actuator shaft used.  The highest gauge resistance available at 
these dimensions was 120 ohms.  Gauge output fluctuations due to thermally 
induced strains are a typical concern for strain gauge applications.  Constantan 
foil was chosen as it offers the most stable thermal output characteristics at 
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room temperature.  Further thermal output reduction was achieved through 
self-temperature-compensation whereby the gauges had been manufactured to 
express the same thermal expansion co-efficient as the stainless steel cable 
compressor (6 ppm/˚F).  For ease of installation the gauges were purchased 
with pre-attached copper ribbon lead wires (0.3mm wide x 0.1mm thick x 20 
mm length).  The methods used for installation of the strain gauges are 
described in detail in Appendix B. 
 
3.3.2 Protective coating and outer casing 
 
A stainless steel clamp was designed as an outer protective casing for the 
strain gauge transducer.  The casing was secured using a medical grade silicone 
adhesive MED3-4013 (NuSil Technology, Carpinteria, USA) which embedded the 
strain gauges, isolating the sensors from the external environment.  The 
completed strain gauge transducer is shown in Figure 3-14. 
 
 
Figure 3-14: Cable compressor retrofitted with the strain gauge force 
transducer.  The Insert shows the actuator shaft prior to transducer 
attachment. 
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3.3.3 Signal conditioning and data acquisition 
 
A schematic of the equipment used to condition and record the strain 
signal from the transducer is shown in Figure 3-15. 
 
 
Figure 3-15: Schematic of data acquisition equipment for strain measurement. 
 
The strain gauge lead wires were connected to a signal conditioning unit 
equipped with a half-bridge completion circuit (SCC-SG03 module, National 
Instruments, North Ryde, Australia).  The circuit was powered by a 2.5 V 
excitation source and included an instrumentation amplifier (gain 100), low 
pass filter (1.6 kHz) and potentiometer to null the bridge offset.  The signal 
conditioning unit was configured within a connecter block (SCC-68, National 
Instruments, North Ryde, Australia) and connected to a 16-bit resolution, 1.25 
MS/s data logger (model USB-6259, National Instruments, North Ryde, 
Australia).  The data logger was connected by USB port to a laptop computer 
(Toshiba Portege R200) where the strain signal was logged using LabVIEW™ 
SignalExpress™ data acquisition software (version 2.5, National Instruments, 
North Ryde, Australia). 
The strain signal was sampled at 100 Hz and processed by a low-pass 
digital filter (Butterworth Infinite Impulse Response type).  For further 
processing the signal was exported and saved as a spread sheet in Microsoft 
Excel. 
Strain gauge transducer 
Signal conditioning unit 
Data logger 
Laptop computer Data acquisition software 
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3.4 FORCE TRANSDUCER CALIBRATION 
 
3.4.1 Methods 
 
The strain output by the transducer was calibrated to a measurement of 
cable tension   , by operating the cable compressor within a uniaxial testing 
machine.  The experimental set-up is illustrated in Figure 3-16.  The external 
cable loop was applied to a vertically aligned load cell, while the compressor 
foot was positioned against a horizontally aligned screw, fixed to the base of the 
machine, resulting in a cable exit angle, α, of approximately 90˚.  Two types of 
attachments were used interchangeably to apply the cable to the load cell; a 
shackle (Figure 3-16a) and; a tension spring (Figure 3-16b).  This tested the 
behaviour of the cable compressor under two external stiffness conditions.  Use 
of the spring allowed greater cable movement throughout the calibration which 
more closely simulates the in vivo application to a spinal segment. 
The cable compressor was operated by multiple handle compressions.  
The tensile force exerted on the load cell by the cable was continuously 
recorded using the uniaxial testing machine’s own software, while the 
transducer strain signal was recorded using the data acquisition equipment 
previously described in Section 3.3.3.  Following testing, the load cell force and 
transducer strain output traces were manually synchronised and both the force 
and strain registered after each handle release were extracted to provide the 
calibration data points. 
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Figure 3-16: Experimental set-up for calibration of the strain gauge force 
transducer. 
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3.4.2 Raw output data 
 
An example of the output obtained by a typical calibration is shown in 
Figure 3-17.  Both the strain and force traces comprise of a series of peaks and 
plateaus which corresponds well with the model predicted behaviour presented 
in Figure 3-13a for cable compressor function with backlash.  Note that seven 
distinct handle compressions can be identified in the calibration trace shown in 
Figure 3-17.  The strain and force data within each plateau were averaged to 
produce seven corresponding calibration data points.  The transducer was 
repeatedly calibrated over the two year period during which an intra-operative 
force measurement study was undertaken (detailed in Chapter 4).  The raw 
output for every calibration performed is included as Appendix C.  The results of 
these calibrations and the manner in which they were treated is presented in 
the following section. 
 
 
Figure 3-17: Data output by a typical cable compressor force transducer 
calibration. (Note that the data pre ~5s and post ~42s are due to the mobilization 
and release of the cable) 
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3.4.3 Results 
 
In total, 65 individual calibrations were performed which spanned 11 
data sets, each corresponding to a distinct time point throughout the intra-
operative force measurement study (~1.5 years).  Raw output from each 
calibration can be found in Appendix C.  The data from all calibrations has been 
included in a single plot of force     versus strain      shown in Figure 3-18.  
Intuitively each of these data sets would be considered separately, yielding 11 
calibration curves, which would then be applied to measurements recorded 
close to the time of calibration.  In this way changes in the calibration occurring 
over time would be accommodated.  For this study however, the nature of the 
variability observed in the calibration data led to a decision to combine all the 
data in a single plot and yield one calibration curve to be applied to all 
experimental measurements.  The justification for this is provided in Section 
3.4.4. 
 
 
Figure 3-18: Plot of combined force transducer calibration data (a total of 527 
data points are plotted) 
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A clear relationship between transducer strain and external cable 
tension is observed.  Two regions are apparent; a linear region for strains up to 
approximately 700 µε,  followed by a non-linear region for all strains above 700 
µε.  Variation is present in both regions, however the data is more widely 
scattered at higher strains.  Also evident is an apparent limit to the tension 
applied by the cable compressor.  The force exerted on the load cell approaches 
an asymptotic limit of approximately 1000 N. 
The use of two calibration functions, a linear function for strains less 
than 700 µε,  and a non-linear function for strains higher than 700 µε was 
considered.  However, a single 2nd order polynomial function was found to 
adequately represent the relationship between cable tension    [N], and 
transducer strain [µε], over the entire range of calibration data.  The calibration 
function is therefore presented as Equation 3-22 which yields a regression 
coefficient,     of 0.991 and a standard error for the estimate,  , of ± 42.7 N. 
 
                
             Equation 3-22 
 
Given that variability in the data clearly increases for increasing 
measurements of transducer strain, the approach to separate the data into two 
regions was revisited to better resolve the standard error.  By this approach the 
standard error for strains <700 µε is ± 20 N, while for strains > 700 µε, the 
standard error is ± 60 N. 
The calibration curve is plotted in Figure 3-19 along with the theoretical 
calibration curve which was predicted by the model (shown previously in 
Figure 3-13b).  There is close agreement between the experimental and 
theoretical calibration curves for the linear portion of the data (<700 µε).  Note 
that the theoretical calibration curve was produced for the simulation 
containing actuator shaft backlash on each compression. 
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Figure 3-19: Comparison of the experimental and theoretically produced 
calibration curves. 
 
 
3.4.4 Discussion 
 
Variation in the output of the force transducer was expected and thus it 
was calibrated regularly throughout its use.  The decision to fit a single 
calibration curve to the combined dataset was made due to the variability 
inherent in the data during a single calibration, coupled with the observation 
that there was no trend in the variation of calibration coefficients with time.  To 
demonstrate this, linear (regression) curves were fitted to each subset of 
calibration data in the form      for strains measuring less than 700 µε.  The 
gradient,  , for each calibration set (identified by the calendar month in which 
the calibration set was performed) is plotted in Figure 3-20.  No apparent drift 
in the linear calibration is observed, but rather a random variation of the 
gradient within the range 0.73 – 0.87. 
𝑻
𝒆
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Figure 3-20: Plot of linear gradients for each calibration dataset (transducer 
strains <  700 µε) identified by calendar month. (Two data sets collected in the 
same month are assigned a numeric identifier). 
 
Some variation is always expected due to the physical properties of the 
tool.  In the mathematical model the cable was modelled as having a smooth 
surface but in fact it is a braid which will affect its motion at the entry to the 
compressor body.  Model estimates showed that up to 5% variation can be 
expected due to changes in the entry angle  .  But there is also variation present 
within each calibration series due to the function of the cable compressor itself 
– whether or not after each handle release, the actuator shaft exhibits backlash. 
The theoretical prediction for the linear calibration coefficient was 0.877 
(presented in Figure 3-13b) assuming backlash occurs after each handle release.  
This coefficient dropped to 0.660 when no backlash was modelled.  Therefore 
the linear calibration coefficient between transducer strain and external cable 
tension can be expected to vary within the limits 0.660 – 0.877 depending on 
the proportion of handle compressions which exhibit backlash.  The credibility 
of this model predicted variation due to backlash is demonstrated in Figure 
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3-21 by comparing experimental and model output.  The output of an 
experimental calibration is given in Figure 3-21a and the subsequent data 
points and calibration coefficient given in Figure 3-21b.  Output from a model 
simulation where backlash was present on all handle compressions except for 
the third is shown in Figure 3-21c and the resulting calibration curve given in 
Figure 3-21d. 
The variations in linear calibration coefficients observed throughout the 
testing (Figure 3-20) were within the range predicted by the model.  Given that 
it cannot be predicted whether backlash will occur or not throughout 
compression, it was considered suitable to calculate an overall calibration 
coefficient for use on all experimental data.  To use an individual calibration 
coefficient for each patient would be to introduce further variation of which it 
would be difficult to quantify. 
Variability due to the function of the surgical tool has been a challenge in 
force measurement in the past.  Daniels et. al. (1984) found that variation in the 
surgical positioning of an instrumented distractor (used in posterior scoliosis 
correction) affected the force sensor output enough to require an intra-
operative calibration technique.  Precision of a transducer is ultimately limited 
by its design, and its design is limited by the physical constraints of the tool.  In 
this study, despite the variation due to cable compressor functioning and intra-
operative positioning, the relationship between    and   was only weakly 
sensitive to the orientation of the tool and was therefore amenable to the fit of 
an overall calibration curve. 
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(a) (b) 
 
 
(c) (d) 
Figure 3-21:  Comparison of experimental calibration and theoretical 
calibration based on model simulation. (a) is an example of actual 
experimental data and (b) the calibration curve fitted to that experiment. (c) is 
data output by a simulation where the 3rd compression step is modeled without 
backlash and (d) is the calibration curve fitted to the simulated data. 
 
The strain response of the tool at the location of the strain gauges was 
determined by multiple calibration cycles through a range of strains beyond the 
expected surgical range.  The response was clearly elastic and repeatable.  The 
load versus strain curve shown in Figure 3-19 clearly shows a linear response at 
lower strains and a non-linear response at higher strains.  At low to modest 
loads, the strain response is linear and corresponds accurately to the theoretical 
model determined by the two-dimensional free-body analysis.  At higher loads, 
the strain response is non-linear but it remains elastic as shown experimentally.  
The lack of fidelity at high loads and its non-linearity is not important to this 
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study.  A number of factors may influence the non-linear response at high loads.  
For example, the strain gauges are large compared with the diameter of the 
shaft so they don’t measure a point of strain.  They are also mounted close to the 
point of fixture to the cable clamp beam as shown in Figure 3-12 which may 
induce local anomalies which cannot be modelled. 
 
3.5 SUMMARY 
  
This chapter has detailed the development and calibration of a force 
transducer suitable to provide real-time intra-operative measurements of the 
corrective forces applied during anterior scoliosis surgery.  The calibration 
performed throughout the duration of the use of the transducer was presented.  
A model for the mechanics of cable compressor function and force transmission 
to the spine was developed and there was good agreement between model 
predicted transducer output and its experimental calibration.  The model 
proved useful in describing the nature of variation present in the experimental 
data and also to provide an estimate for the portion of applied load transmitted 
to the implant-bone interface. 
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 CHAPTER 4
 
Intra-operative measurement of 
applied corrective forces in a series of 
AIS patients undergoing anterior 
scoliosis correction 
 
 
 
 
 
 
 
In the previous chapter a force transducer was designed and retrofitted to 
a surgical cable compression tool which is routinely used to apply corrective 
forces during anterior scoliosis surgery.  This instrumented cable compressor 
was returned to use and the compressive forces applied intra-operatively to 
each spinal segment were measured for a series of AIS patients treated for 
thoracic deformity.  This chapter details the undertaking of this study and 
presents the results. 
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4.1 METHODS 
 
4.1.1 Patient recruitment and clinical data 
 
Patients who had been scheduled to undergo thoracoscopic anterior 
instrumentation and fusion for the treatment of thoracic AIS at the Mater 
Children’s Hospital in Brisbane were approached for inclusion in this study 
(refer to Section 2.3.4 for details of the surgical procedure).  The clinical 
selection criteria for this treatment ensured that patients with neuromuscular 
pathology were excluded.  Potential subjects and their parents were presented 
with the details of the study at their pre-operative consultation.  Participation 
was voluntary and patient consent was obtained before the day of surgery.  
Approval from the Mater Health Services Human Research Ethics Committee, 
and subsequently from the Queensland University of Technology (QUT) Human 
Research Ethics Committee, was obtained before commencing this research. 
Clinical data for all AIS patients at the Mater Children’s Hospital are 
recorded in the Paediatric Spine Research Group (PSRG) patient database and 
were made available for use in this study.  Pre-operative radiographic measures 
of the deformity were obtained for each subject and included the span, apex and 
frontal plane Cobb angle, as well as the fulcrum flexibility index (refer to Section 
2.3.2 for definition of terms).  The age and gender of each subject, as well as 
their skeletal maturity (Risser grade) were also recorded. 
Post-operative radiographs are routinely taken one week after surgery 
as well as at scheduled follow-up appointments at two months, six months, one 
year and two years after surgery.  For each subject, radiographic measures of 
deformity correction were obtained for every available follow-up.  These 
included the Cobb angle correction rate (Equation 2-3) and the fulcrum bending 
correction index (Equation 2-2). 
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4.1.2 Sterilisation of the cable compressor 
 
The instrumented cable compressor was submitted to the hospital 
sterilisation department prior to each surgery and sterilised by a gas plasma 
method (STERRAD®, ASP, Irvine, CA, USA) which provided both a dry and low 
temperature environment, especially suited to the heat and moisture sensitive 
force transducer.  Once sterilised, the cable compressor was delivered to the 
operating theatre with the rest of the surgical equipment.  Following each 
surgery the cable compressor was re-submitted to the sterilisation department 
for cleaning and decontamination.  Sterilisation staff were instructed to avoid 
moisture near the transducer and lead wires and not to place the tool in a dryer. 
 
4.1.3 Force measurement 
 
The data acquisition equipment previously described in Section 3.3.3 
was set up inside the operating theatre, outside the perimeter of the sterile 
zone.  The experimental set-up is shown in Figure 4-1.  After preparation of the 
cable compressor, a nurse passed the end of the transducer lead cable to the 
researcher.  The resistance across each of the lead wire pairs was first measured 
using a multimeter to confirm that connectivity of the transducer components 
remained intact after sterilisation and handling by hospital staff.  The leads 
were then connected to the input terminals of the signal conditioning unit.  
Prior to the first measurement, the strain output signal was manually zeroed by 
adjusting the potentiometer contained within the signal conditioning unit.  The 
transducer signal was not zeroed again throughout the duration of the surgery. 
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Figure 4-1: Operating room set-up of data acquisition equipment for intra-
operative force measurement. 
 
As explained previously in Section 2.3.4.5, after vertebral body screw 
insertion compression is applied sequentially to each instrumented spinal 
segment, beginning at the most proximal segment and ending at the most distal 
segment.  For each segment, the surgeon first positions the cable loop around 
the segment ensuring it remains lax.  The actuator shaft is then moved to its set 
position and the cable lock engaged.  Once the surgeon was ready to begin 
compression, the transducer strain signal recording was initiated at a sample 
rate of 100 Hz.  Strain output was recorded continuously until the compression 
of the segment was complete, the cable compressor removed from the patient 
and the cable released.  This procedure was repeated at every instrumented 
segment. 
Patient’s head 
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To illustrate the process of data extraction, an example of the typical 
transducer output for compression of a single spinal segment is shown in Figure 
4-2.  A series of peaks and plateaus are observed which are consistent with the 
pattern observed previously during transducer calibration (Figure 3-17).  The 
peaks correspond to the handle compressions performed by the surgeon.  A 
measure of the strain finally applied was calculated as the average of the strain 
signal sampled for five seconds (arbitrarily chosen) following the final 
compression peak.  This strain was then converted to applied cable tension 
using the calibration function presented in Chapter 3 (Equation 3-22).  Thus an 
experimental measurement of the compression force applied intra-operatively 
to an instrumented spinal segment was obtained. 
Note that in Figure 4-2, a plateau of higher strain precedes the plateau 
after the final compression step (between approximately 20-30 seconds).  This 
is likely to be attributable to the function of the cable compressor as predicted 
in Section 3.2.4 and demonstrated in the calibration data in Section 3.4.4.  
Variation of this kind was present in the data to which the calibration function 
was fitted, and therefore plateaus of higher strain preceding the final 
compression step were not considered to provide the experimental 
measurement of force applied to the spinal segment. 
Variations in the strain trace occurring after the final compression step 
were also not considered relevant to the compression process.  After final 
compression, one surgeon holds the cable compressor while another holds the 
plug introduction guide and secures the screw to the rod by tightening the plug.  
Transient changes to tool orientation during this time are probable factors 
contributing to variation in strain, however the action is one of locking the 
screw to the rod and therefore preventing further transmission of compressor 
force through to the vertebra. 
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Figure 4-2: Intra-operative transducer strain output during the compression of 
a single instrumented segment. 
 
It is important to note that not all the force applied by the cable 
compressor as measured by cable tension will be applied directly to the spine as 
a portion of it will be required to overcome friction.  The mechanical analysis of 
intra-operative screw compression (carried out in Section 3.2.4) predicted that 
approximately 59% (maximum) of the applied cable tension is transferred to 
the interface between screw and vertebral body as a plough force.  This estimate 
was used to calculate and compare the force applied at the screw-vertebra 
interface to published screw plough yield forces found by in vitro experiment 
(presented in Table 2-2). 
The average strength in resistance to ‘unconstrained’ screw plough 
reported by Mahar et al., (2006) was determined to be the most appropriate 
value with which to compare the forces measured in the present intra-operative 
study.  This was because the screws were tested within human thoracic 
vertebra with the use of a staple (as per the procedure in this study) and 
unconstrained screw plough has been proposed to best represent the screw 
failure mode in response to intra-operatively applied compression (Mohamad et 
al., 2006). 
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Statistical analysis 
Normality of the applied force measurements was tested using the 
Kolmogorov-Smirnov statistic.  Student t-tests (assuming equal variances) were 
performed to compare the means of the compressive forces applied to each 
spinal segment.  Statistical significance was determined at the 95% confidence 
level (P<0.05).  Equality of variances was assessed using an F-test and for the 
segment pairs where equality of variances could not be established, compared 
samples are assumed to have unequal variances and a t-test was performed. 
 
4.1.4 Spinal segment classification 
 
In addition to the anatomical identifier for spinal segment (i.e. T6T7), 
each segment was classified according to its proximity to the scoliosis apex as 
clinically identified on pre-operative frontal plane radiographs.  The apical 
segment was labelled with the integer zero.  In the case where the apex was 
identified by surgeons as a single vertebra, rather than a segment, the segment 
immediately superior to this vertebra was labelled as the apical segment.  Each 
instrumented segment superior to the apex was labelled with a positive integer, 
the value reflecting its distance from the apex.  The instrumented segments 
inferior to the apex were labelled in the same way by negative integers.  This 
system of spinal joint classification is demonstrated in Figure 4-3. 
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(a) (b) 
Figure 4-3: Instrumented segment classification by proximity to the scoliosis 
apex for cases where; a) the apex is a segment and; b) the apex is a vertebra. 
 
4.1.5 Fluoroscopic measurement of segment correction 
 
Intra-operative imaging method 
As per normal surgical procedure, compression was performed under 
the visual guidance of intra-operative fluoroscope imaging (refer to Figure 
2-16).  Prior to compression the position of the fluoroscope was manually 
adjusted so as to capture a frontal plane image of the segment of interest.  This 
alignment was then maintained for the duration of compression for that 
particular segment.  An image was taken prior to compression which 
documented the initial planar orientation of the segment.  The surgeon then 
requested additional fluoroscope images during compression at their discretion 
to visually assess the incremental change in segment orientation until the 
desired correction was achieved. 
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Intra-operative visual assessment of fluoroscope images is therefore the 
predominant tool used by the surgeon to determine the amount of compression 
applied at each segment.  For this reason, the fluoroscope images taken during 
the application of corrective forces were used in this study to quantify the fontal 
plane Cobb correction achieved at a single segment for a given measurement of 
applied compressive force   . 
Method of angle measurement 
Fluoroscope images were analysed digitally using open source image 
processing software (ImageJ 1.43u available at www.rsb.info.nih.gov/ij ).  A line 
was drawn through the longitudinal axis of each vertebral body screw.  The 
angle of inclination of each screw to the horizontal axis of the image was 
measured and labelled   , for the screw secured to the rod and   , for the loose 
‘sliding’ screw.  The angle between the two vertebral body screws was defined 
as the screw orientation angle,    . 
          Equation 4-1 
Measurement of the screw orientation angle is illustrated in Figure 4-4.  
The difference between the screw orientation angle measured on the initial 
fluoroscope image (Figure 4-4a), and that which is measured on the final image,  
(Figure 4-4b), was defined as the screw correction angle,    . 
                              Equation 4-2 
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(a) (b) 
Figure 4-4: Fluoroscopic measurement of screw orientation angle     a) prior to 
compression              and; b) after compression           .  Note the plug 
introduction guide is positioned over the sliding screw. 
 
Given the assumption that the vertebra and embedded screw remain one 
rigid body throughout compression, the screw correction angle serves as a 
measurement of intra-operative segmental correction.  If however, the fixation 
of the screw within the vertebra yields during compression and screw plough 
occurs, the screw correction angle will overestimate the correction achieved. 
Therefore, orientation of the inferior (mobile) vertebra was defined by 
the angle made between one of its endplates and the horizontal, the endplate 
orientation angle   .  The endplate most clearly distinguishable was chosen for 
the measurement.  The orientation of the screw within the vertebra was then 
defined by the screw-endplate angle,    :  
          Equation 4-3 
Measurement of     , on both the initial and final fluoroscope images is 
demonstrated in Figure 4-5. 
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(a) (b) 
Figure 4-5: Fluoroscopic measurement of screw-endplate angle    ; a) prior to 
compression              and; b) after compression           .  Note the plug 
introduction guide is positioned over the sliding screw. 
 
The change in screw-endplate angle between the initial and final fluoroscope 
images was defined as the screw plough angle,    : 
                              Equation 4-4 
The segment correction angle,    was therefore calculated as follows: 
           Equation 4-5 
A screw plough measurement was not made for segments where neither 
endplate of the sliding vertebra could be clearly distinguished in both the initial 
and final fluoroscope images.  For these segments the screw correction angle 
was used as the measurement for intra-operative segmental correction.  Note 
that the term ‘screw plough’ is used here to define a rotational relative motion 
occurring between screw and vertebra in response to intra-operatively applied 
compressive forces.  In the literature this motion is more specifically termed 
‘unconstrained’ screw plough (refer to Section 2.5.5.2) to distinguish it from a 
purely translational relative motion (also referred to as ‘constrained’ screw 
plough), however, for simplicity the term ‘screw plough’ will be used 
throughout the remainder of this chapter. 
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Assessment of intra-observer reliability for angle measurements 
The intra-observer error for measurements of both screw inclination 
angle   and endplate inclination angle   , were determined using a subset of 
20 randomly chosen fluoroscope images.  A total of three measurements were 
made for each angle, each repeat measurement performed at least one day 
apart.  The absolute difference between successive measurements as well as 
between the first and last measurement were calculated.  The standard 
deviations of these samples of differences provided the measurement error 
used to calculate an estimated standard error of measurement for the screw 
correction angle    , the screw plough angle     and the segment correction 
angle   .  Details of the error analysis are provided in Appendix E. 
 
4.1.6 Calibration of the force transducer 
 
Details of the calibration have been presented previously in Chapter 3.  
Refer to Equation 3-22 for the calibration equation used to convert transducer 
strain output to applied cable tension. 
4.2 RESULTS 
 
4.2.1 Patient cohort 
 
Intra-operative corrective force measurements were obtained for a total 
of 15 patients who underwent thoracoscopic anterior instrumentation and 
fusion for the treatment of thoracic AIS during the period spanning November 
2008 to June 2010.  Each patient had been diagnosed with a single structural 
thoracic curve classified as type Lenke 1 (refer to Section 2.3.2.4).    The mean 
age at the time of surgery was 15 years (sd ±2.2 ; range 11-19) and all patients 
were female. 
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4.2.1.1 Pre-operative deformity characteristics 
All curves were convex to the right, the apex located within the region 
T7-T10 and the span of the major curve within the range of T4 to L1.  The 
average magnitude of the major curve as measured by the frontal plane Cobb 
angle was 55.2˚ (sd ±5.6 ˚ ; range 47 ˚ -67 ˚).  Pre-operative curve characteristics 
for each of the 15 patients are presented in Table 4-1.  The full range of skeletal 
maturities were represented within the cohort at the time of surgery.  Three 
patients had significant skeletal growth remaining (Risser grade 0-2); nine 
patients were approaching skeletal maturity (Risser grade 3-4) and three 
patients had completed their skeletal growth (Risser grade 5). 
The average curve flexibility for the cohort, as determined by the fulcrum 
flexibility index was above 50% ( 54.2 ± 7.7 %).  The frontal plane Cobb angle 
reduced on average to 25.3˚ (sd ± 5.0 ˚ ; range 18 ˚-35 ˚) over the fulcrum.  The 
stiffest deformity belonged to patient 3 (FFI 36%) while patient 11 exhibited the 
most flexible curve (FFI 65%) and interestingly these same two patients were 
also at the extremes of skeletal maturity with Risser grades of 5 and 0 
respectively. 
Table 4-1: Pre-operative data for recruited patient cohort 
 
Patient 
ID
Age
Risser 
grade
Span
Apex 
level
Cobb 
angle ( ˚ )
Fulcrum 
bending Cobb 
angle  ( ˚ )
Fulcrum 
Flexibility  
( % )
1 17 4 T6-T12 T9-T10 52 25 52
2 11 2 T7-T12 T8-T9 50 20 60
3 17 5 T5-T12 T8-T9 55 35 36
4 18 5 T6-T12 T9-T10 57 25 56
5 16 3 T4-T12 T7-T8 47 18 62
6 16 4 T5-T12 T8-T9 52 24 54
7 15 3 T6-T11 T9 53 28 47
8 14 4 T6-T12 T9-T10 53 20 62
9 19 5 T6-L1 T10 67 34 49
10 13 4 T5-T11 T8 61 29 52
11 13 0 T6-T12 T9 63 22 65
12 14 3 T5-T11 T8 52 25 52
13 13 4 T7-T12 T10 56 30 46
14 14 3 T5-T12 T9-T10 61 22 64
15 15 2 T5-T12 T8-T9 49 22 55
PRE-OPERATIVE RADIOGRAPHIC MEASURES
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4.2.1.2 Post-operative radiographic outcomes 
The average initial Cobb Correction rate (CCR) measured at one week 
following surgery was 63.5 ± 10.1 %.  For each follow-up available, the post-
operative Cobb angle and corresponding CCR are presented in Table 4-2 for 
every patient.  Note that the initial follow-up is the only point in time when data 
is available for every patient in the cohort.  For patient 14 this was the only 
follow-up performed, while all remaining patients had follow-up data extending 
to at least 6 months post-operatively. 
Within the post-operative dataset a loss of correction greater than the 
accepted 5˚ Cobb angle measurement error was detected in three patients 
(Goldberg et al., 2008).  Patient 11 incurred a loss of 9˚ of correction at 6 
months, which remained stable at the last available follow-up at 12 months. A 
loss of correction of 6˚ was identified in patients 1 and 3 at their final available 
follow-ups (24 months).  In addition, pull-out of the most proximal screw was 
detected at initial follow-up in patient 1.  There were no observed cases of rod 
breakage.  Also included in Table 4-2 is the Fulcrum Bending Correction Index 
(FBCI) measured at immediate follow-up, one week after surgery.  The average 
FBCI was 117.9 ± 16.8 %.  The lowest FBCI was 97% in patient 10, supporting 
the predictive nature of the pre-operative fulcrum bending flexibility 
measurement. 
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Table 4-2: Post-operative deformity corrections for recruited patient cohort 
 
 
4.2.2 Applied compressive force 
 
4.2.2.1 Applied to each patient 
Intra-operatively applied corrective force was measured for a total of 95 
spinal segments which were instrumented across the cohort of 15 patients.  The 
raw transducer strain output recorded for every joint in the format shown 
previously in Figure 4-2 is included as Appendix D.  The final compressive forces 
(external cable tension,   ) which were applied to each patient are shown in 
Figure 4-6. 
The compressive force applied to each segment varied widely, both 
within and among patients, and was consistent with a normal distribution 
(Kolmogorov-Smirnov test using Lilliefors significance correction P=0.148).  On 
average, the force applied at a single segment was 540 N (standard deviation ± 
230 N).  Maximum forces measured were 1019 N and 1018 N, applied to the 
scoliosis apices in patients 6 and 4 respectively.  The smallest applied force, 88 
N, was measured at the most proximal segment in patient 9. 
Cobb 
angle 
(˚)
CCR 
(%)
FBCI 
(%)
Cobb 
angle 
(˚)
CCR 
(%)
Cobb 
angle 
(˚)
CCR 
(%)
Cobb 
angle 
(˚)
CCR 
(%)
Cobb 
angle 
(˚)
CCR 
(%)
1 52 T6 - T12 17 67 130 17 67 20 62 22 58 23 56
2 50 T6 - T12 16 68 113 20 60 20 60 20 60 19 62
3 55 T5 - T11 30 45 125 32 42 36 35 32 42 36 35
4 57 T6 - T12 18 68 122 21 63 20 65
5 47 T5 - T12 18 62 100 18 62 19 60
6 52 T5 - T12 24 54 100 24 54
7 53 T5 - T12 13 75 160 10 81
8 53 T6 - T12 11 79 127 15 72 14 74 12 77
9 67 T6 - L1 28 58 118 30 55
10 61 T5 - T11 30 51 97 35 43
11 63 T6-T12 21 67 102 30 52 30 52
12 52 T5-T11 16 69 133 18 65
13 56 T7-T12 29 48 104 30 46 28 50
14 61 T5-T12 18 70 110
15 49 T5-T12 15 69 126 17 65 17 65
Patient 
ID
Cobb 
angle 
( ˚ )
Levels 
instrumented
1 week 2 months 6 months 12 months 24 months
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The average force and range applied within each patient are presented in 
Table 4-3.  The average force was significantly higher than the sample average 
in four patients (patients 1,4,13 and 14).  Most notably in patients 1 and 14, 
higher than average forces were applied to all segments except to the most 
proximal segment (481 N) in patient 1 and two most proximal segments (480 N 
and 490 N) in patient 14.  It is worth noting that the single case of post-
operative screw pull-out observed within this patient cohort occurred at the 
most proximal screw in patient 1.  In contrast, all forces applied within patient 7 
were lower than the sample average, with none exceeding 500 N.  Within some 
patients (most notably patients 3,4,6 and 8) the distribution of applied forces 
approached the entire range of measurements (88N – 1019N).  There was no 
indication of any relationship between intra-operatively applied force 
measurements and pre-operative patient-specific deformity parameters (i.e. 
skeletal maturity, Cobb angle, Fulcrum flexibility). 
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Figure 4-6: Intra-operatively applied correction forces for patients 1-15. 
(continued on the following page) 
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Figure 4-6: Intra-operatively applied correction forces for patients 1-15. 
(continued from previous page) 
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Table 4-3: Average, minimum and maximum force applied to each patient 
 
 
 
4.2.2.2 Applied to each segment 
A trend for higher forces to be applied at segments toward the apex of 
the scoliosis was clearly evident.  Qualitatively, this trend is illustrated by a plot 
of the average force applied at each segment, identified by its proximity to the 
scoliosis apex (Figure 4-7).  Quantitatively, t-tests for comparison of means 
discerned that the forces applied to the two most proximal (+3, +2) and most 
distal (-3) segments were significantly lower than those applied to segments 
closer to the apex.  There were however, no statistically discernible differences 
among the forces applied to segments surrounding the apex (-2, -1, 0, +1).  A 
summary of all statistically significant differences between segment levels is 
given by the P-values shown in Table 4-4. 
1 738 481 959
2 478 228 816
3 598 155 915
4 662 294 1018
5 512 304 779
6 554 205 1019
7 356 262 473
8 511 116 947
9 433 88 704
10 496 276 782
11 510 291 798
12 570 233 903
13 699 345 982
14 627 480 793
15 442 235 602
Patient 
ID
Applied Force [N]
Average Minimum Maximum
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Figure 4-7: Average applied compressive force for each segment identified by 
proximity to the scoliosis apex (Error bars: Standard error of the mean) 
 
Table 4-4: P-values for comparison of means (t-test) for forces applied according 
to joint level identified by apex proximity indicator (N/S indicates the P-value 
was not of statistical significance). 
Apex 
proximity 
indicator +3 +2 +1 0 -1 -2 -3 
+3  0.022 0.004 0.002 0.000 0.001 N/S 
+2   N/S 0.015 0.004 0.046 N/S 
+1    N/S N/S N/S 0.039 
0     N/S N/S 0.011 
-1      N/S 0.002 
-2       0.015 
-3        
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4.2.2.3 Transferred to the screw-vertebra interface 
The proportion of the applied compression force predicted (refer to 
Section 3.2.3 and 3.2.4) to act on the sliding screw head as a plough force 
         is plotted for every segment in Figure 4-8.  Also plotted on the graph 
for comparison is the in vitro mean failure load reported for the screw-vertebra 
interface when subjected to an unconstrained plough load (Maher 2006).  These 
tests were performed using human adult thoracic vertebrae with bi-cortical 
screws and staples.  A total of 26 (27.4%) vertebral body screws in the current 
study resisted in vivo a plough force within ±1 standard deviation of the average 
failure load reported in vitro by Mahar (Mahar, 2006).  Ten (10.5%) of these 
were predicted to have received a force higher than the reported average. 
 
 
Figure 4-8: Comparison of the estimated force applied to the screw-vertebra 
interface with published in vitro screw plough strength (Mahar 2006) 
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4.2.2.4 Effect of instrumentation length 
There was no evidence to suggest any link between the segmental forces 
applied and the total number of segments instrumented.  Of the 15 patients, one 
was instrumented across 5 segments (patient 13), 8 were instrumented across 6 
segments (patients 1,2,3,4,8,10,11,12) and 6 were instrumented across 7 
segments (patients 5,6,7,9,14,15).  The applied compression forces were 
grouped according to the length of construct to which the segment belonged 
(Figure 4-9).  While the forces applied within 7 segment constructs were more 
tightly grouped, the same range of forces were applied within both 6 and 7 
segment constructs.  With only one set of data for 5 segment constructs, no 
comparisons can be made. 
 
 
Figure 4-9:  Box plot of intra-operative segmental compressive forces grouped 
according to the total number of segments included in the instrumentation. 
 
 
 
 
 
n=5 
n=48 n=42 
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4.2.3 Intra-operative segmental correction 
 
Of the 95 instrumented segments, seven were excluded from the 
correction analysis due to incomplete fluoroscope data (Details for exclusion are 
given in Appendix E).  Screw correction angles     were therefore obtained for 
88 (92.6%) instrumented spinal segments.  Of these, screw plough angles     
were measured for 59 (62.1%) segments where image quality provided 
sufficient clarity of the vertebral endplate.  Intra-observer measurement errors 
for all angles are provided in Table 4-5 calculated as per the method described 
in Section 4.1.5.  Given the nature of interpretation, a level of precaution should 
accompany a report of intra-operative screw plough.  For this reason, only     
      (greater than the measurement error in   ) were considered as reliable 
occurrences of intra-operative screw plough. 
 
Table 4-5: Intra-observer measurement errors for digital fluoroscopic angle 
measurements 
ANGLE 95% CI 
Screw correction     ±     ˚ 
Screw plough     ±     ˚ 
Segment correction    ±   6 ˚ 
 
4.2.3.1 Segmental corrections achieved within each patient 
For each patient, fluoroscopic measurements of intra-operative 
segmental correction angles are presented in Figure 4-10.  The total length of 
the stacked bar represents the screw correction angle,    .  The average screw 
correction angle was 4.9˚ (standard deviation ± 2.6˚,  ang  0˚-12.6˚).  The red 
portion of the bar is the magnitude of screw plough,    .  Therefore, the 
segment correction angle,   , (net correction) is represented by the grey 
portion of each bar.  To aid interpretation, segments for which screw plough 
was not assessed are marked with a star.  The average segment correction 
angle, accounting for screw plough was 4.5˚ (standard deviation ± 2.3,  ang  0˚-
10.2˚). 
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Figure 4-10: Intra-operative segmental corrections (˚) for patients 1-15. 
(continued on the following page) 
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Figure 4-10: Intra-operative segmental corrections (˚) for patients 1-15. 
(continued from previous page) 
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4.2.3.2 Assessment of screw plough 
Fluoroscopic evidence that screw plough occurred during intra-operative 
segmental compression was identified for 10 segments located across 7 patients 
(refer to Figure 4-10).  To note, two of these segments were not from the set of 
59 for which screw plough measurements were performed (Patient 6).  Despite 
being unable to confidently draw the vertebral endplate in both the before and 
after images, evidence of screw plough was clearly visible when the images 
were overlayed and viewed frame by frame.  As such, these two segments were 
each assigned a nominal screw plough angle of 3.0˚. 
The magnitudes of all screw plough angles are given in Table 4-6.  The 
compressive forces which were applied in each instance of screw plough are 
identified in Figure 4-11 (a reproduction of Figure 4-8), including the patient ID 
and segment in question for each of the 10 confirmed cases.  Note that screw 
plough was not assessed at the most proximal level for patient 1, where post-
operative screw pull-out occurred at initial follow-up. 
 
Table 4-6: Summary of intra-operative screw plough angles 
Segment 
(Apex proximity 
indicator) 
Count 
      
(bold indicates nominal values used for 2 segments) 
4 - 
       3 - 
       2 1 5.2 
      1 1 3.0 
      0 2 3.0 3.5 
 
    
-1 2 4.3 3.7 
   
  
-2 4 5.4 4.8 3.6 3.1 
 
  
-3 - 
       -4 - 
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Figure 4-11: Plot of the predicted plough force applied to the screw-vertebra 
interface with the cases where screw plough occurred highlighted 
 
While screw plough was identified at segments where high compressive 
forces were applied, its occurrence was not limited to these segments.  In fact 
for three of the confirmed cases of screw plough, a lower than average force was 
applied.  The transducer output, as well as the before and after fluoroscope 
images for 6 of the 10 cases of screw plough are presented and discussed in 
turn. 
In patient 1 screw plough occurred at the most distal segment T11T12 
(apex level -2).  Three compression increments were applied, resulting in a final 
force of 811 N, however no intermediate fluoroscope images were taken.  
Plough of the screw in vertebra T12 is clearly distinguishable with a tilting of 
the staple and evidence of the screw pulling away from bone midway along the 
shaft (Figure 4-12).  Patient 1 was also the only patient where post-operative 
screw pull-out was detected at the most proximal screw. 
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(a) (b) 
Figure 4-12: Fluoroscopic images depicting evidence of intra-operative screw 
plough at T12 in patient 1 (a) before compression image and; b) after 
compression image 
 
 
Screw plough at T9T10 (apex level -2) in Patient 5 is shown in Figure 
4-13.  Tilting of the staple and screw in vertebra T10 away from the inferior 
endplate is visible.  Three compression increments were applied and an 
intermediate fluoroscope image was taken after the 2nd increment.  
Measurements of      and     on the intermediate image provided further detail 
on the nature of the screw plough at this segment.  A plot of the applied force 
versus both the screw plough angle,    , and resulting correction,    is shown in 
Figure 4-13c.  Approximately half of the total screw plough occurs during the 
first two compressions, the final increment adding little to the total correction 
and resulting in further screw plough. 
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(a) (b) 
 
(c) 
Figure 4-13: Fluoroscopic images depicting evidence of intra-operative screw 
plough at T10 in patient 5 (a) before compression image and; b) after 
compression image c) force versus correction plot for 3 compression steps. 
 
In Patient 9 screw plough occurred at segment T7T8 (apex level 2).  Four 
compression increments were applied although no correction was achieved 
after the first due to initial laxity of the cable.  Intermediate fluoroscope images 
were taken after both the 2nd and 3rd compression increments.  Analysis of these 
intermediate images shows that screw plough occurred during the 3rd and final 
compression increments (Figure 4-14c).  In these two final increments, 69% of 
the total force was applied, while only the final 16% of the total net correction 
was achieved. 
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(a) (b) 
 
(c) 
Figure 4-14: Fluoroscopic images depicting evidence of intra-operative screw 
plough at T8 in patient 9 (a) before compression image and; b) after 
compression image c) force versus correction plot for 4 compression steps. 
 
In Patient 15 screw plough occurred at segment T9T10 (apex level -1).  
Screw plough occurred during the final two compression increments for which 
no intermediate fluoroscope images were available.  Plough of the screw within 
vertebra T10 is evident as a tilt away from the inferior endplate (Figure 4-15).  
A change in the orientation of the staple relative to the screw is also evident. 
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(a) (b) 
Figure 4-15: Fluoroscopic images depicting evidence of intra-operative screw 
plough at T10 in patient 15 (a) before compression image and; b) after 
compression image. 
 
Both cases of screw plough which were reported despite insufficient 
clarity of the endplates occurred in adjacent segments in Patient 6.  In segment 
T7T8 (apex level +1), the screw head in vertebra T8 was positioned close 
against the superior endplate of the vertebral body (Figure 4-16a).  Only a single 
compression increment was applied which resulted in a relatively low force of 
275 N (Figure 4-16b).  It may be that the fixation of the screw was compromised 
on insertion, making the screw prone to plough.   
 
  
(a) (b) 
Figure 4-16: Fluoroscopic images depicting evidence of intra-operative screw 
plough at T8 in patient 6 (a) before compression image and; b) after 
compression image. (Note that poor image quality prevented quantitative 
assessment of screw plough) 
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In contrast, the highest recorded force was applied to adjacent segment 
T8T9 (apex) over 5 increments of compression.  Initial placement of the screw 
in T9 was central within the vertebral body (Figure 4-17a).  While intermediate 
images were taken during compression of segment T8T9, poor image quality 
prevented further investigation of the nature of the screw plough throughout 
the compression. 
 
  
(a) (b) 
Figure 4-17: Fluoroscopic images depicting evidence of intra-operative screw 
plough at T9 in patient 6 (a) before compression image and; b) after 
compression image. (Note that poor image quality prevented quantitative 
assessment of screw plough) 
 
4.2.3.3 Correction achieved at each segment 
A trend for larger segmental Cobb corrections to be achieved (on 
average) at levels near to and distal to the apex was found.  This result is similar 
to that observed among the applied forces, except that no significant differences 
among the mean corrections at (and proximal to) the apex and the most distal 
levels were found.  A summary of the statistically significant differences 
between the average intra-operative Cobb corrections achieved at each segment 
identified according to apex proximity is given by the P-values shown in Table 
4-7.  The average correction achieved at segments positioned two (+2) and 
three (+3) levels superior to the apex was significantly smaller than that 
achieved at levels near to the apex (+1,0,-1,-2). 
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Table 4-7: P-values for comparison of means (1 tailed t-test) for segmental 
correction (˚) according to segment level identified by apex proximity indicator. 
 
Apex 
proximity 
indicator 
+3 +2 +1 0 -1 -2 -3 
+3  N/S 0.012 0.006 0.004 0.013 N/S 
+2   0.037 0.011 0.011 0.037 N/S 
+1    N/S N/S N/S N/S 
0     N/S N/S N/S 
-1      N/S N/S 
-2       N/S 
-3        
 
4.2.3.4 As a proportion of post-operative correction 
The sum of the intra-operative segmental Cobb corrections (∑   ), on 
average accounted for 84% of the total post-operative Cobb correction (Figure 
4-18).  measured from post-operative clinical radiographs.  Patients 2,3,7 and 
13 were excluded from the analysis as intra-operative corrections were not 
obtained for every segment.  In most cases the intra-operative correction was 
less than the post-operative Cobb correction.  This result is not surprising as an 
initial amount of surgical correction can be expected due to the patient 
positioning, as well as in the seating of the rod into the screw heads.  Also, 
compression of one segment may also induce correction at more distal levels. 
There were two exceptions however in Patients 5 and 6 where the sum 
of the intra-operative segmental corrections were 1˚ and 8˚ greater than the 
post-operatively measured Cobb correction respectively.  Screw plough was 
detected in both patients.  For patient 6, nominal magnitudes of screw plough 
were assigned to two segments (due to lack of endplate clarity) and this may 
have underestimated their actual amount. 
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Figure 4-18: Comparison of the total intra-operative correction via segmental 
compression ( ∑    ) and the post-operative Cobb angle correction measured 
on standing coronal plane radiographs (at 1 week after surgery). 
 
Almost half (46.9%) of the post-operative Cobb correction was achieved by 
intra-operative compression applied at the apex and immediately adjacent 
segments (Table 4-8). 
Table 4-8: Proportion (mean) of post-operative Cobb correction (1-week after 
surgery) achieved at each segment intra-operatively. 
 
Apex 
level 
-3 -2 -1 0 1 2 3 
Mean 
(%) 
13.0 14.5 15.9 16.9 14.1 9.2 8.3 
S.D (%) 6.9 6.6 6.8 8.8 6.3 7.1 4.9 
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4.2.4 Force versus correction 
 
There was a positive correlation between applied compressive force and 
intra-operative segmental correction (Pearson Correlation co-efficient 0.573, P 
< 0.000).  Applied force is plotted against correction in Figure 4-19.  Both the 
Cobb corrections indicated by the screw correction angle,    , and segment 
correction angle,   , are plotted and the difference between them shown to 
illustrate the influence of intra-operative screw plough. 
 
Figure 4-19: Plot of applied compression force versus both screw correction 
angle    , and segment correction angle   . 
 
For completeness, it should be noted that in only six patients (3,4,5,7,8,9), 
both     and      were assessed for every segment for which fluoroscope 
images were available (patients 3 and 7 contained segments excluded from 
analysis).  For the remaining 9 patients, screw plough was only assessed in a 
portion of the segments.  A plot of applied force versus    is again included in 
Figure 4-20 to highlight the data points at which screw plough was not assessed.  
This plot illustrates that if all segments where screw plough was not assessed 
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(red dots) were excluded from the plot, the correlation between applied force 
and segmental correction is not affected. 
 
 
Figure 4-20: Plot of applied compression force versus segment correction angle 
  , for data points where screw plough was assessed (black) and data points 
for which screw plough was not assessed (red). 
 
 
Where intermediate fluoroscope images were available, measurements 
of intermediate segment correction angles    were made.  Where the magnitude 
of the corresponding applied force was also clear, measurement of intermediate 
force was also made.  All such, measurement pairs (measurements were made 
for 34/96 joints) were normalised to percentages of the total applied force or 
total achieved correction in each case.  These data points give an indication of 
the force versus correction curve for a single segment and are plotted in Figure 
4-21 as intermediate applied force versus intermediate achieved correction. 
    assessed 
    not assessed 
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Figure 4-21:  Plot of intermediate applied force versus intermediate achieved 
joint correction expressed as percentages of the total. 
 
 
 
 
 
 
 
 
 
 
 
Line for Ratio 1:1 
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4.3 DISCUSSION 
 
The purpose of this study was to quantify the forces which are applied to 
the adolescent spine during anterior scoliosis correction.  Previously there has 
been no data on the magnitude of these forces.  To each instrumented segment, 
surgeons incrementally apply, a compression force necessary to achieve a 
sufficient correction.  The point at which this correction has  deemed to have 
been achieved is visually evaluated by the surgeon with the aid of intra-
operative fluoroscope images. 
While surgeons are guided by their skill and experience, they remain 
unaware of what forces are actually being exerted on the spine and 
instrumentation during surgery as this chapter has shown.  The magnitude of 
these forces are key biomechanical parameters of the surgery because they 
potentially affect both joint correction and the possible failure of the screw-
bone interface.  While they remain unknown, their role in effecting surgical 
outcome also remains uncertain.  The difficulty in assigning realistic magnitudes 
of corrective forces for in silico biomechanical studies of scoliosis correction 
without any reference to in vivo measurements has also been raised as an issue 
(Desroches et al., 2007). 
In this study, the output from a force transducer retrofitted to the surgical 
compression tool measured and recorded in real time, the cable tension applied 
by each incremental compression.  An experimental measurement of the force 
applied to the segment after each compression was therefore obtained.  
Simplified two-dimensional mechanical modelling estimated that 59% of the 
force applied was expected to be transferred to the interface between vertebral 
body screw and vertebra.  The corresponding segmental Cobb correction which 
the surgeon evaluates qualitatively on fluoroscope images, was quantitatively 
assessed.  In addition, measurement of a relative change in angle between 
vertebral body screw and vertebral endplate during compression provided an 
avenue to detect the occurrence of intra-operative screw plough. 
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The compressive forces applied to a total of 96 instrumented segments 
across 15 AIS patients were found to vary widely, both within and among 
patients.  The largest force (1019N) was  a magnitude higher than the smallest 
force (88N).  Similar variation and magnitudes have been reported for 
measurements of distraction forces applied during posterior scoliosis 
correction (127N – 980N) (McBride et al., 1979; Dunn et al., 1982). 
Even in this relatively small dataset of 15 patients, a clear trend emerged 
whereby higher forces were generally applied at segments close to the apex of 
the deformity.  There are a few interesting points to note here in relation to this 
finding.  Firstly, pull-out at the most proximal screw is a common post-operative 
complication and surgeons, being aware of this do apply caution when 
compressing the most proximal segment intra-operatively.  A study assessing 
segmental flexibility using pre-operative frontal plane radiographs found 
evidence suggesting periapical segments may be less flexible than segments at 
the ends of the deformity (Hasler et al., 2010). 
In a finite element study simulating the effect of different compression 
strategies on screw forces, Rohlmann et al., (2006) recommended applying 
moderate corrections at the outer segments and higher corrections at the 
middle segments in order to reduce axial tensile forces at the cranial end 
vertebra screw.  It seems that this strategy is already being intuitively used by 
surgeons during anterior scoliosis correction. 
The experimental error associated with the intra-operative measurements 
of applied compressive forces (cable tension) were presented in Chapter 3.  For 
forces less than 550 N, of which there were 50 in this dataset (53%), the 
measurement error was ±20 N (or ±3.6% of 550 N).  However, for forces greater 
than 550 N (47%), the experimental uncertainty in measurement increased to 
±60 N, or ±5.9% of the largest recorded force of 1019 N.  While this indicates a 
limited accuracy of the experimental force measurements, it is important to 
note that much of this uncertainty is attributable to the function of the cable 
compressor itself and possibly the location of the strain gauges which cannot be 
easily avoided.  The transducer design was found to be relatively robust with 
respect to surgical positioning of the compressor. 
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In the absence of in vivo data, the proportion of applied cable tension 
predicted to have been transferred to the screw-vertebra interface was 
compared to published in vitro failure loads of similar screws subjected to a 
similar loading condition to that which was applied by the cable compressor.  
Under this comparison it was indicated that approximately 30% of the loads 
applied throughout this study were of sufficient magnitude to transmit loads to 
the vertebral body screws within the range of screw-vertebra yield strengths.  
Interestingly, a similar result was observed when comparing distraction force 
measurements in posterior scoliosis surgery to reported bone yield strength at 
the hook attachment site (McBride et al., 1979; Dunn et al., 1982).  As in the 
present study, they too did not observe a corresponding incidence of implant 
failure due to these high loads. 
It is important to note that the relevance of in vitro screw-vertebra 
strengths to AIS surgery is somewhat limited due to the paucity of adolescent 
human cadaver bone.  Even so, a comparison is useful.  The in vitro yield 
strength to which the in vivo forces were compared was reported for an 
unconstrained plough failure mode.  Mahar et al., (2006) reported a higher yield 
strength for screws subjected to constrained plough (694 ± 53 N).  It is likely the 
in vivo loading of screws lies somewhere in between constrained and 
unconstrained plough as it depends on the laxity of the plug as to how much 
rotation of the screw is allowed.  In addition, the (model predicted) proportion 
of applied cable tension transmitted to the vertebral body screw was highly 
dependent on an estimate of the friction acting between the screw and rod.  If a 
higher friction coefficient was present in vivo, then the predicted force 
transmitted to the vertebral body screw          would have been an 
overestimate. 
While a corresponding incidence of screw plough failure was not 
observed, high forces transmitted to the screw increases the risk of tissue 
overload and weakening of the fixation of the implant.  Fluoroscopic evidence of 
screw plough in response to the applied compressive forces identified in this 
study does indicate that intra-operative screw plough is a valid risk to be 
considered during compression.  While it is beyond the scope of this work to 
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speculate on the possible post-operative effects of intra-operative screw plough, 
it does raise the question as to whether loosening of the implant fixation at one 
segment acts to increase the loads to which other segments are exposed? 
The compressive forces measured in this study are not the only forces 
exerted intra-operatively and therefore do not reflect the total load state on the 
implant-spine construct.  The rods are often bent prior to insertion and the 
vertebral body screws are subjected to unknown loads during the seating of the 
rod within the screw head canals.  Once the vertebral body screws are fixed to 
the rod, the applied compressive force induces tension and bending along the 
length of the rod, and the screws must withstand complex pull-out forces. 
In addition, it is not known how the applied forces are resisted over time.  
Given the viscoelastic nature of spinal tissues, it is likely the intra-operatively 
applied loads may deteriorate considerably.  This effect has been documented 
previously for loads applied during posterior scoliosis correction.  Dunn et al., 
(1982) observed applied distraction forces fell to less than 50% of the initial 
load within a few minutes after application.  Nachemson and Elfstrom (1971) 
instrumented a Harrington rod and observed axial forces deteriorated to 
between 57% and 74% of their original value within an hour after fixation.  A 
more recent study documented the viscoelastic response of lumbar segments to 
in vivo posterior distraction applied between spinous processes (Ambrosetti et 
al., 2009).  In this study it was shown that the intervertebral disc acts as a 
dampener and that discectomy may accelerate the viscoelastic response of the 
spinal tissues. 
The key role of the intra-operative compressive forces was demonstrated 
by their cumulative segmental Cobb correction (as measured on fluoroscopic 
images) accounting on average for 84% of the total post-operative Cobb 
correction (measured on frontal plane radiograph of the thorax).  Curve 
correction prior to the application of compressive forces is expected due to the 
surgical positioning of the patient and the insertion of the rod.  Recent finite 
element simulations have noted the contribution of patient positioning to 
deformity reduction (Duke et al., 2005; Lalonde et al., 2010). 
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The sum of the intra-operative Cobb corrections for patient 6 was higher 
than the post-operative Cobb correction (Figure 4-18).  Screw plough was 
visually evident for two segments and even though endplate clarity was not 
sufficient to measure an angle, a nominal magnitude of 3˚ was assigned to each 
of these segments.  It may be that the magnitude of these two cases of screw 
plough were underestimated. 
At this point it is important to note that fluoroscopic measurements were 
subject to limited accuracy due to both their two-dimensional nature and 
variable image quality.  Therefore, the observations of intra-operative screw 
plough should be considered with this in mind.  However, it should also be 
noted that scoliosis, despite being a complex three-dimensional deformity, is 
assessed almost entirely by angles drawn on two-dimensional radiographs.  
Cobb angles measurements are subject to up to 5˚ of variability.  Furthermore, 
intra-operative fluoroscope images remain the surgeon’s primary feedback 
during screw placement and compression.  Therefore the segmental Cobb 
correction measurements included in this study add considerable value to the 
primary measurements of applied compressive force. 
From a biomedical perspective, intermediate measurements of 
segmental correction are of interest because they define a typical force verses 
correction relationship for scoliotic segments in vivo (but after discectomy).  
Therefore, where there were intermediate fluoroscope images available, 
measurements of intermediate corrections were recorded and paired with the 
corresponding measurement of intermediate applied force (Figure 4-21).  This 
was performed as an attempt to determine whether there was any evidence in 
the data to suggest a law of diminishing returns at work in the compression 
applied to the scoliotic segments.  That is, whether or not the additional 
correction achieved diminishes as the applied force increases.  It is relevant to 
consider the relative value of applying increasingly higher forces, given the risk 
of screw plough.  As expected there was a lot of scatter in the data, and no 
evidence to suggest a non-linear curve suggestive of a law of diminishing 
returns. 
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The preliminary nature of the findings presented here result from a 
relatively small sample of 15 patients.  This makes large scale correlations to 
both pre-operative deformity and post-operative outcome unreliable.  A 
question of interest is whether any pre-operative, patient-specific deformity 
parameters impact on the forces applied and/or corrections achieved intra-
operatively?  The study focused on a relatively homogenous group of 15 
patients which makes it difficult to discern whether is any link between fulcrum 
flexibility index (for example) or Risser grade etcetera.  Routine force 
measurement in the future may elucidate any relationships and these would be 
of use to the surgeon. 
In summary, this chapter has reported for the first time (to the author’s 
knowledge) measurements of the corrective forces applied intra-operatively 
during anterior scoliosis surgery in a series of AIS patients.  The investigation 
has found an order of magnitude of variation in forces applied among segments, 
a trend for high forces in the vicinity of the scoliosis apex and clear evidence of 
screw plough in a subset of the segments measured. 
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 CHAPTER 5
 
Development of a displacement-
controlled in vitro spine testing method 
for multi-segmental specimens 
 
The previous chapter contributed to the understanding of the intra-
operative biomechanics of anterior scoliosis correction.  The focus of this thesis 
now turns to an in vitro investigation into the biomechanical response of the 
thoracic spine and ribcage once instrumented with an anterior scoliosis implant.  
As stated earlier, the apparatus available for this purpose was a displacement-
controlled robotic testing facility.  A key component of any in vitro 
biomechanical test is the method by which loads are applied to the specimen.  
Commonly used loading methods for spine testing were presented and their 
relative merits discussed previously in Section 2.5.1.  Valid concerns regarding 
the use of displacement-controlled loading which have been raised in the 
literature were discussed; namely the constraining effect of imposing a fixed 
COR.  This chapter introduces a displacement-controlled experimental approach 
which addresses this concern by the use of a COR grid. 
The experimental testing presented is of an exploratory nature and is 
limited to sagittal plane spinal motions of flexion and extension.  Specimens 
were tested both intact and instrumented with an anterior implant.  The results 
of these tests are used to investigate the biomechanical implications of COR 
position and justify a suitable protocol to be used for the main body of 
experiments presented in Chapters Six and Seven. 
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5.1 ROBOTIC TESTING FACILITY 
 
The mechanical testing facility available for this research consisted of a 
displacement-controlled industrial floor mounted robot (ABB IRB 4400/60 – 
ABB, Vasteras, Sweden), capable of producing six degree-of-freedom (DOF) 
motion (Figure 5-1).  Specimens were mounted upright within the robot, the 
physiological axes aligned with the robot’s Cartesian co-ordinate system.  The 
most cranial segment was attached to the actuator tool point while the most 
caudal segment was fixed to the stationary base. 
Motion of the tool point was controlled and recorded using custom 
software installed on an external PC.  Each motion was defined by cyclic input 
parameters; a maximum displacement, return position, motion speed and the 
number of cycles to be performed.  Translations were defined relative to the 
tool point’s initial position with a velocity given in mm/s.  For rotations, a COR 
was prescribed about which the tool point was then rotated (velocity in ˚/s).  
The position of the COR was input as coordinates relative to the robot’s origin 
(located at the bottom specimen cup).  The positional repeatability of the robot 
was to within 0.07mm and the resolution of rotations was 0.01˚ (taken from 
Han’s 2007 paper).  Due to finite robot memory, the maximum test duration was 
limited to 180 seconds. 
Loads applied to the specimen during motion were quantified at the base 
of the specimen, recorded by a six-degree-of-freedom force sensor (160M50A-
I100 – JR3, Woodland, CA, USA) with a resolution of 0.01N and 0.01Nm.  The 
instantaneous position of the robot tool point synchronised with the output of 
the force sensor, provided three-dimensional biomechanical output for a spine 
specimen subjected to an applied displacement. 
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Figure 5-1: Displacement-controlled robotic testing facility showing an intact 
immature bovine thoracic spine and ribcage specimen mounted prior to 
testing. 
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5.2 EXPERIMENTAL APPROACH 
 
5.2.1 Rationale and objective 
 
Given the criticism in the literature regarding in vitro spine testing 
performed about a fixed COR, it is clear that careful consideration needs to be 
given to its placement.  To briefly revisit the controversy, it is argued that spinal 
motion segments have a preferred IAR which, as the name implies, is expected 
to move throughout a given motion.  Forcing a spinal segment to rotate about a 
fixed COR therefore, introduces ‘constraining’ loads and produces motion which 
is not physiological.  It is argued that these uncertainties make the results of 
such testing difficult to interpret. 
Now, the IAR is a characteristic attributed to describing motions of a 
single motion segment.  The concept of an IAR is not as easily translatable when 
describing the motion of a multi-segment spine, where motion is achieved by 
the combined rotations of multiple segments connected in series.  While each 
segment presumably rotates about its own preferred IAR, where does the axis of 
rotation of the whole specimen lie (i.e. that of the most cranial vertebra in the 
construct relative to the most caudal)?  This question is somewhat irrelevant for 
in vitro testing performed under the application of a pure moment.  However, if 
the attractive characteristic of pure moment loading is the absence of additional 
constraining forces, then the following inference can be made:  If rotation 
applied about a particular fixed COR produces spinal motion with minimal 
constraining loads, then rotation about that COR may provide an equivalent and 
appropriate method by which to assess spinal biomechanics in vitro. 
To the best of the author’s knowledge, there has not yet been a thorough 
investigation to characterise the effect of COR position on the biomechanical 
response of the multi-segmental spine in vitro.  Therefore the objectives of this 
chapter are: 
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 To determine whether a biomechanically appropriate COR position can 
be assigned for in vitro testing of the entire thoracic spine and ribcage, 
based on minimising constraining loads (evaluated about the COR). 
  If an appropriate COR position can be found, to determine whether any 
change in this position occurs with the fixation of an anterior scoliosis 
implant. 
 To characterise the biomechanical effects (apparent spinal loads, 
stiffness and motions) when the prescribed COR deviates by a known 
amount from an appropriate (minimal constraining load) position. 
 To establish a displacement-controlled in vitro testing protocol suitable 
for assessing the biomechanics of anterior single rod scoliosis implants 
applied to thoracic spine and ribcage specimens. 
 
5.2.2 Previous reports of secondary loads during in vitro 
spine testing  
 
Several authors have demonstrated that undesirable ‘secondary’ loads 
can occur using in vitro spine testers.  These loads may have the effect of 
introducing an error in the applied primary moment, as well as introducing 
‘constraining’ forces. 
In the experiments performed by Gilbertson et al., (2000) on lumbar 
FSUs, displacement in response to a 6Nm applied primary load was controlled 
by a force feedback loop designed to minimise in-plane sagittal shear forces.  
Using this system shear forces were kept to within ±6 N.  Secondary coupling 
moments while not controlled, remained within ±1 Nm (16.7% of primary 
applied moment). 
Using a novel velocity-based force control method, Goertzen et al., 
(2009) applied moments up to 0.27Nm to rabbit lumbar segments while 
imposing limits on the unconstrained forces (< 2N) and off-axis moments (< 
0.05Nm, i.e. <18% of applied primary moment).  Lysack et al., (2000) reported 
the presence of off-axis moments up to 7% of the peak applied primary moment 
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and forces up to ±8N when applying continuous pure moments up to 5 Nm to 
lumbar spine specimens.  It was also noted that the secondary loads 
encountered may become more pronounced during the testing of longer spine 
specimens. 
Goertzen et al., (2004) applied moments of ±2Nm to two-segment 
cervical specimens and reported a mean difference of 7.3% (sd 4.7%) between 
measured and applied moment (absolute value of 0.15Nm).  A maximum mean 
force vector of 1.49N (sd 1.4N) was also reported.  In a more recent study using 
quasi-static pure moment loading, Tang et al., (2012) reported errors in the 
sagittal plane moments applied to an 6-segment artificial spine model of 4.72 
±2.27%.  Shear forces up to 4N were also measured. 
Gedet et al., (2007) demonstrated how friction in the components used 
to provide an unconstrained condition (translational degrees of freedom) 
during spine testing can result in unwanted shear forces applied to the 
specimen.    Testing a polymer tube (designed to simulate a 5 level lumbar spine 
specimen) under angle-control to ±10˚ in flexion/extension, the group reported 
a sagittal shear force of 4N at the caudal end of the tube for an applied moment 
of 6Nm at the cranial end.  It was then shown graphically that the effect of the 
shear force was to linearly reduce the applied moment along the length of the 
specimen.  For example, the most caudal segment in a specimen 0.2m long 
would be subjected to 5.2Nm when 6Nm is applied to the most cranial segment 
under the action of a 4N in-plane shear force.  This is a 13% difference between 
applied load at cranial segment and the moment applied at the caudal segment. 
Eguizabal et al., (2010) measured a discrepancy between the applied and 
intended pure moments delivered by cable-driven moment-controlled spine 
testing rigs.  Their experiments found that a fixed-ring system does not produce 
the magnitude of the desired moment, and a variation in rotation among 
segments in a uniform spine analogue suggested variation in load application 
along the length of the specimen.  This group proposed a novel sliding-ring 
system and tested it in flexion-extension and found the discrepancy on load 
application was reduced, however sagittal plane shear forces up to 6.6N were 
still registered at the caudal load cell. 
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To avoid buckling of a multi-segment specimen subjected to pure 
moment loading, Steffen, (1998) had to constrain linear motion in the sagittal 
plane.  Posterior directed shear forces (15.3 ± 6.6N) were registered during 
applied lateral bending moments up to 4Nm.  A small accompanying flexion 
moment was also observed. 
 
5.2.3 Specimens 
5.2.3.1 Use of a bovine animal model 
As discussed in Section 2.5.3, animal models are commonly used for in-
vitro biomechanical testing to circumvent difficulties associated with human 
cadaveric specimens.  The immature bovine spine has been shown to be a 
suitable biomechanical analogue for the human adolescent spine and was 
therefore chosen for this research.  A schematic of the bovine thorax which 
includes 13 thoracic vertebrae and a corresponding number of rib pairs is 
provided in Figure 5-2.  The eight most superior rib pairs attach directly to the 
sternum, while the five most inferior pairs are floating, their costal cartilages 
joining to form the costal arch. 
It was considered necessary to use the intact thorax as the experimental 
model due to the important contribution of the rib cage in effecting thoracic 
biomechanics (See Section 2.5.4).  Previous studies which have considered 
anterior scoliosis constructs within the thoracic spine have not included the rib 
cage, a key anatomical structure differentiating the thoracic from the lumbar 
spine (Polly et al., 2003; Haher et al., 2004). 
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Figure 5-2: Schematic of the bovine thoracic skeleton viewed as a mid-sagittal 
plane cross-section (www.turbosquid.com) 
 
5.2.3.2 Procurement and preparation 
The spines of 6-8 week old calves with sternum and ribcage intact were 
sourced from the local abattoir and stored frozen at -20˚C.  Prior to testing, the 
specimens were allowed to thaw overnight.  Once defrosted, the cervical and 
lumbar segments were removed, leaving the thoracic spine and ribcage 
remaining.  The bulk of the muscular tissue surrounding the spinal column was 
then carefully removed using a scalpel.  Similarly, the musculature externally 
covering the ribs as well as the diaphragm were also removed.  Where 
necessary, a thin layer of muscular tissue was preserved to both ensure 
ligaments and joint capsules remained intact and also to aid in moisture 
retention.  Specimens were kept moist for the duration of the mechanical tests 
by applying saline soaked cloth between tests, as well as using a spray bottle to 
apply saline solution as a fine mist.  It has been suggested that intervertebral 
discs should be wrapped in cling film during testing to keep the surface moist 
(Adams, 1995), however this was deemed impractical for a specimen of the size 
tested here. 
Sternum
T1
T13
Ribs
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5.2.3.3 Scoliosis instrumentation 
Specimens were instrumented with an anterior single rod implant (CD 
Horizon ® Eclipse ™, Medtronic Sofamor Danek), spanning eight vertebral levels 
T5-T12.  The thoracoscopic procedure previously presented in Section 2.3.4 was 
performed to simulate as closely as possible the actual surgical procedure, using 
specialised surgical tools under the guidance of an experienced surgeon.  
Vertebral body screws (7.5mm diameter) were inserted prior to the specimen 
being mounted within the robot.  Tool access was gained by intercostal 
incisions.  The most distal vertebral body screw (T12) was inserted first.  Using 
the rib head as an anatomical reference, a laterally directed hole was first 
tapped through the vertebral body.  A staple was positioned over the entry and 
then a manually operated screw driver was used to advance the vertebral body 
screw (Figure 5-3a).  Subsequent placement of each vertebral body screw was 
then guided by the position of the previously inserted, adjacent screw.  A rod 
was temporarily inserted after each screw placement to ensure the axial 
alignment of the screw head canals. 
After screw insertion and prior to rod positioning, mechanical testing of 
the intact specimen was performed.  The presence of the unattached screws was 
not considered to impact on the behaviour of the specimen. 
Upon completion of the intact testing protocol, the scoliosis rod (5.5mm 
diameter, commercially pure Titanium) was attached while the specimen 
remained mounted within the robot in its set position (Figure 5-3b).  First, 
discectomies were performed with a scalpel at all instrumented levels.  The rod 
was then seated into each screw head canal and secured by set screws inserted 
into the screw heads with the appropriate torque limiting driver. 
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(a) (b) 
 
Figure 5-3: a) Insertion of vertebral body screws during specimen preparation 
and; b) rod attachment within robotic testing facility. 
 
5.2.3.4 Attachment to the testing facility 
During specimen preparation, three self-tapping screws were inserted 
into each of the most cranial (T1) and caudal (T13) vertebral bodies to ensure 
secure purchase of these vertebrae when potted within the robot fixation cups.  
Before relocating to the testing facility, T1 was potted within the superior 
fixation cup.  For this purpose, the specimen was mounted upside down with 
the superior endplate of T1 contacting the base of the fixation cup.  Clamps were 
then attached along the spinous processes to hold the vertical alignment of the 
specimen.  Dental cement (Palapress, Heraeus Kulzer GmbH, Germany) was 
then poured into the fixation cup until the screws in the T1 vertebral body had 
been immersed.  The dental cement was then allowed to set. 
The specimen was then attached to the robotic testing facility, the 
superior fixation cup being mounted to the actuator.  The tool point was then 
carefully jogged to position the T13 vertebral body within the inferior specimen 
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cup, just making contact with the base of the cup.  The inferior specimen cup 
was then filled with bone cement and allowed to set (See Figure 5-3b).  This 
now defined the neutral ‘set position’ for the specimen. 
5.2.3.5 Digitisation of anatomical landmarks 
With the specimen in the set position, coordinates of key anatomical 
landmarks on the anterior spinal column were recorded with the use of a 
custom designed digitising probe connected to an optoelectronic motion 
capture system (Optotrak 3020, Northern Digital Inc, Waterloo, Ont., Canada).  
The configuration of the Optotrak is described in a later section (Section 
5.2.4.3).  All anatomical landmarks were located on the anterior face of the 
column in the mid-sagittal plane.  For each vertebral body three points were 
digitised; the inferior endplate, the superior endplate and a point at mid-height 
on the vertebral body.  The mid-height of each intervertebral disc was also 
digitised. 
 
5.2.4 Mechanical testing 
 
5.2.4.1 Characteristics of the prescribed motion 
Within the robotic testing facility it is the displacement of the tool point 
which is prescribed.  This displacement can be comprised of any simultaneous 
combination of rotations and/or translations within the robot’s three-
dimensional orthogonal coordinate system.  For the purposes of simulating 
spinal rotations about physiological axes, prescribed motions of the tool point 
were simplified to uniaxial rotations about a fixed COR.  This is analogous to the 
load-control approach of applying a uniaxial moment.  Given the alignment of 
the specimen within the robot, physiological rotations were defined as follows: 
 + Rx / -Rx   Flexion / Extension 
 +Ry / -Ry – Left lateral bending / Right lateral bending 
 +Rz / -Rz – Left axial rotation / Right axial rotation 
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Motion of the tool point, (and therefore the most superior vertebra) is 
determined purely by the location of the prescribed COR relative to the tool 
point’s initial position.  The motion constraint is therefore applied directly to 
the superior vertebra.  Prescription of the COR about which the tool point 
rotates determines the resulting orientation of T1 at the end of motion as well 
as the path it took to get there.  While the motion segments between T2-T13 are 
able to move more freely, the constrained motion path of T1 will obviously 
impact how the rest of the specimen is loaded. 
The effect of COR position is demonstrated in Figure 5-4, where the 
motion path of T1 for a prescribed flexion of 45˚ is shown for various COR 
positions, all contained within a grid space extending posteriorly from a plumb 
line originating at T1.  In this example an anterior shift in the COR results in an 
arc which is more superior than the previous (Figure 5-4a), while a superior 
translation of the COR will force T1 to scribe a more inferior arc which also 
stops short (anteriorly) of the previous arc, given the change in radius (Figure 
5-4b).  For extension, these same COR translations will produce an opposite 
effect to that described above.  The characteristics of the arc scribed by the most 
superior vertebra can therefore be determined by simple geometry.  This serves 
to inform a prediction on the effect of an incremental change to COR position 
during testing. 
 
Figure 5-4: Effect on the motion path of T1 during 45˚ flexion with a) an anterior 
translation and b) a superior translation of the prescribed COR position. 
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5.2.4.2 Testing protocol 
A single test consisted of three repeated cycles of rotation.  The first two 
cycles served as preconditioning cycles, while data from the third cycle was 
used for analysis (Wilke, Wenger et al., 1998).  Tests were performed without a 
compressive preload and the load sensor was zeroed prior to each test.  As 
mentioned previously, the modes of testing performed in this chapter have been 
limited to sagittal plane rotations of flexion and extension.  All testing was 
performed at room temperature (Adams, 1995). 
To investigate the effects of COR position, the test protocol consisted of a 
set of repeated tests in the same mode, each rotating the specimen about a 
different COR.  This provided a set of biomechanical data documenting the 
behaviour of the specimen in response to displacement controlled loading 
across a grid of prescribed CORs.  Each COR grid was located within the plane of 
the testing mode.  For sagittal plane motions all COR coordinates were therefore 
located in the mid-sagittal plane (sharing a common X-coordinate).  The 
coordinates of the COR were determined relative to known anatomical 
landmarks which were digitised prior to the commencement of testing (Refer to 
Section 5.2.3.5). 
The location of the initial COR was somewhat arbitrary.  In the very first 
set of tests performed, the initial COR was placed mid-height on the anterior 
face of T7, as T7 represented the mid-height of the (T1-T13) spinal column.  A 
similar rationale was used for COR placement in the multi-segment 
thoracolumbar (T13-L5) testing performed by Oda et al., (2000).  For the 
current experiments, the ‘suitability’ of a particular COR was assessed by 
evaluating the biomechanical output of the test against a set of biomechanical 
constraints: 
- Avoid tension (Fz must be zero or compressive) 
- In/out of plane shear forces approaching zero (< ± 5N) 
- Off-axis moments kept to a minimum (<10% of primary moment) 
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These biomechanical constraints were chosen based on the inference 
that ‘unconstrained’ motion would most closely simulate spinal motion in vivo 
and would be equivalent to the loading applied by a pure moment-controlled 
test environment.  Therefore the criteria included minimising the resistive shear 
forces and off-axis moments to within ‘acceptable’ limits.  The load tolerances 
chosen were considered reasonable when compared to secondary forces 
previously reported during in vitro spine testing (Refer to Section 5.2.2).  As it 
was not possible to apply a constant axial preload with the testing apparatus, 
the constraint imposed on    was to remain negative.  The loads were evaluated 
at/about the COR in the global reference frame. 
Due to the labour-intensive nature of performing tests at multiple COR 
grid points, rather than testing every point in a large grid, placement of 
subsequent CORs was guided by the biomechanical output from the previous 
test.  An incremental change in COR position was made in the direction 
predicted to yield output closer to being within the biomechanical constraints, 
given the known characteristics of the prescribed motion arc (Refer to Section 
5.2.4.1). 
This test protocol was first performed on the intact specimen and then 
repeated on the instrumented specimen after attachment of the scoliosis rod. 
5.2.4.3 Measurement of spinal motion 
Spinal motion of the intermediate vertebrae was measured only for the 
final specimen in the test series presented in this chapter.  This served to 
establish the measurement method used throughout the main biomechanical 
test series presented in Chapters 6 and 7. 
Three-dimensional intervertebral spinal motion was measured using an 
optoelectronic motion capture system (Optotrak 3020, Northern Digital Inc, 
Waterloo, Ont., Canada).  Custom built rigid body marker frames, each 
containing three infrared-emitting diode markers were attached to each of the 
spinous processes of vertebral bodies T1 through to T11 as shown in Figure 5-5.  
Motion of vertebra T12 was not tracked as the diminishing size of the spinous 
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processes toward the caudal end of the spinal column made it too difficult to 
attach a rigid body marker frame at this level.  The non-collinear configuration 
of the markers on each frame was designed to be similar to the 
recommendation by Gedet et al., (2007) which was found to minimise 
measurement uncertainty. 
The rigid body frames were manufactured as rapid-prototyped plastic 
components.  Two configurations were built, in which the marker mount 
extended either from the right or the left side of the attachment shaft.  This was 
to maximise the vertical spacing of the frames by alternating their attachment 
between the left and right of the spinous processes along the length of the spinal 
column.  In addition, the frames were manufactured with varying angles 
between attachment shaft and marker mount.  This was done to maintain as 
close an initial parallel alignment between marker faces and position sensor as 
possible, despite the changing orientation of the spinous processes along the 
length of the specimen. 
 
Figure 5-5: Rigid body marker frames attached to spinous processes of 
vertebrae T1 – T11 (Specimen 7). 
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The coordinate system of the Optotrak was aligned to the global 
coordinate system of the robot.  The three-dimensional coordinates of each 
marker were continuously sampled at a rate of 10Hz and recorded using First 
Principles™ software (Northern Digital Inc, Ontario, Canada).  Custom software 
was then used to calculate the motion of each vertebra relative to the global 
coordinate system. 
5.2.4.4 Proof-of-concept test details 
The proposed testing protocol was evaluated by a series of preliminary 
tests performed using a total of seven specimens.  A summary of the tests 
performed for each specimen are given in Table 5-1.  The variation in test 
parameters among specimens is explained by the exploratory nature of the 
experiments presented in this chapter (velocity, maximum rotation, bounds of 
COR grid).  This is explained further in the results section.  Specimens 1-3 were 
tested in an intact condition only.  Specimens 4-7 were tested both intact and 
after instrumentation with the anterior scoliosis rod.  Two spans of the 
instrumentation rod were tested, T5-T12 in specimens 5 and 6, and T6-T12 in 
specimen 4 and 7.  Caution was used when increasing the maximum rotation to 
avoid damage to the specimen. 
Spinal loading rates varied within 1 – 1.5 ˚/s.  Wilke, Jungkunz et al., 
(1998) found that spinal loading rates between 0.5 – 5 ˚/s were acceptable for 
avoiding both creep and inertial effects.  This recommendation was based on 
moment controlled testing.  Given the risk of damaging the specimen by the 
nature of the testing performed here, moderate loading rates were used. 
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Table 5-1: Preliminary test details for specimens 1 - 7 
Speci
men 
No. 
Test 
condition 
Test mode 
Max 
Rotation 
(˚) 
Angular 
velocity 
(˚/s) 
No. 
of 
CORs 
COR 
grid 
spacing 
in y-axis 
(mm) 
1 Intact Flex/Ext 10/-6 1 9 20 
2 Intact Flex/Ext 10/-6 1 11 10-20 
3 Intact Flex/Ext 10/-6 1 17 5-23 
4 
Intact Flex/Ext 10/-6 1 12 3-17 
Rod T6T12 Flex/Ext 
5/-4 1 10 5-10 
10/-8 1 26 5-10 
15/-10 1 1 - 
20/-12 1 1 - 
5 
Intact 
Flex 
15 1.25 9  
20 1.25 15 5-14 
Ext 
-10 1.25 5  
-12 1.25 * 13 3-22 
Rod T5T12 
Flex 15 1.25 * 15 5-14 
Ext -12 1.25 * 17 3-28 
6 
Intact 
Flex 20 1.5 23  
Ext -12 1.5 17  
Rod T5T12 
Flex 20 1.5 * 15  
Ext -10 1.5 * 22  
7 
Intact 
Flex 16 1.5 32  
Ext -12 1.5 33  
Rod T6T12 
Flex 16 1.5 17  
Ext -12 1.5 16  
 
* These tests were performed with only two cycles of rotation due to time constraints on the day of 
testing 
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5.2.5 Data Analysis 
 
5.2.5.1 Mechanical output 
A customised program was written using MATLAB (version R2010a, 
MathWorks Inc) to process the mechanical test output.  Two primary functions 
were performed.  First, key biomechanical parameters were determined for 
each individual test (performed about a single, fixed COR).  Second, by compiling 
the data from each individual test, the biomechanical response of the spine with 
respect to the position of a fixed COR was described. 
Raw data format:  Both the load sensor data and robot position data were 
output as comma separated text files, each containing 7 columns of data, the 
first in each being time. The remaining six columns of the load sensor file 
contained the instantaneous forces and moments registered on the sensor 
(                  ).  The remaining six columns of the robot position file 
contained the translations and rotations of the top specimen cup, relative to the 
prescribed COR (Tx, Ty, Tz, Rx, Ry, Rz). 
Processing the output from an individual test :  All forces and moments 
were processed using a 3rd order Savitzky-Golay smoothing filter (25 data points 
in length, which is approximately 1.5s as the load cell output does not maintain a 
constant sample rate), and then synchronised with the rotation (˚) applied to the 
specimen about the COR.  The moments about the COR were then resolved from 
the data recorded at the load sensor using the following equations: 
                   Equation 5-1 
                   Equation 5-2 
                   Equation 5-3 
Where       and    are the coordinates of the COR relative to the origin of the 
load sensor.  The free-body-diagram and calculations used to yield these 
equations are included as Appendix F. 
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Each of the forces and moments (about the COR) were plotted against 
the applied rotation.  Data from the final (3rd) testing cycle was used for 
analysis, further processed by fitting 3rd order polynomials to each trace.  These 
polynomials were evaluated at the maximum applied rotation to yield the 
maximum forces and moments reached during the test. 
A measure of specimen stiffness,  , was evaluated as the gradient of the 
primary moment curve (   for sagittal plane rotations) about the COR.  To 
document the nonlinear response of the spine, stiffness was calculated as a 
secant gradient across each of a number of rotational intervals, with each 
interval generally spanning up to 5˚ of rotation (exact size of rotational intervals 
used depended on the total applied rotation in each test and have been indicated 
where stiffness results are presented in Section 5.4.4).  For example: 
           
                 
     
                ⁄   
 
Equation 5-4 
 
Documenting the biomechanical response across the COR grid:  The 
moment/force versus rotation plot for a single biomechanical test provides the 
spine’s response to rotation about the COR chosen for the test in question.  
However, when the results of a number of tests on the same specimen 
performed at different COR ‘grid points’ are combined, the result is a much more 
comprehensive overview of the dependence of spine kinematics on COR.  
Specifically, both spine stiffness   (Nm/˚) and the magnitude of out-of-plane 
shear forces can be plotted on contour plots as a function of COR position.  The 
contours thus produced can be used to determine ‘preferred’ COR locations, 
both in terms of minimising rotational energy (stiffness), and also minimising 
out-of-plane shear forces (refer back to criteria on page 5-147). 
To document this behaviour, each biomechanical output parameter 
(                   ) was interpolated (using natural neighbour Delaunay 
triangulation) over the area encompassed by the COR grid (resolution 0.1mm).  
Two-dimensional contour plots of the interpolated surfaces were then 
constructed which allowed the evaluation of each of the biomechanical output 
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parameters for a test performed about any COR whose coordinates are located 
within the COR grid. 
Two additional parameters were also interpolated and require 
explanation.  First, each of the off-axis moments was calculated as a percentage 
of the primary moment, thus enabling the constraint for off-axis moments to 
remain within 10% of the primary moment to be evaluated. 
        
  
  
                      
 
Equation 5-5 
        
  
  
                      
 
Equation 5-6 
 
Second, where testing was repeated for a specimen once instrumented 
with a scoliosis rod, the stiffness of the instrumented specimen relative to the 
stiffness of the intact specimen    was also interpolated.  For this parameter, a 
calculation was performed on each grid location,        , using the previously 
interpolated surfaces    and    to obtain a new interpolated surface: 
          
         
         
       
 
Equation 5-7 
 
Where    and    are the stiffness of the intact specimen and instrumented 
specimen respectively, calculated using Equation 5-4. 
Evaluating a biomechanically appropriate COR:  The interpolated output 
was evaluated against the set of biomechanical criteria proposed to simulate a 
relatively ‘unconstrained’ testing condition (given in Section 5.2.4.2).  Any 
region where all criteria were met was evaluated as an appropriate location to 
prescribe the COR for a displacement controlled test.  As the biomechanical 
interpolations are constructed from output documenting the response at an 
instantaneous point of rotation, the region for an appropriate COR was 
evaluated at regular intervals throughout each motion. 
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5.2.5.2 Spinal motion 
The Optotrak coordinate system was configured to align with the global 
coordinate system of the robotic testing facility, sharing the same origin located 
at the base of the lower fixation cup.  Therefore, the raw data output by the 
Optotrak consisted of the location of each marker within the global coordinate 
system (x, y, z).  Intervertebral rotations and translations were thus calculated 
in reference to the global coordinate system and presented as the motion of the 
superior vertebra relative to its adjacent inferior vertebra.  Custom software 
written using Matlab (version 7.10 R2010a, Mathworks Inc) was used to 
perform these analyses, the details of which are included as Appendix G. 
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5.3 PRELIMINARY EXPERIMENTAL RESULTS 
 
Seven specimens in total underwent mechanical testing in flexion and 
extension, as detailed in Section 5.2.4.4.  In this section, the characteristics of the 
load-deformation curves recorded throughout a single test are first presented.  
Then, the instantaneous load profiles interpolated across the COR grid are 
presented, which provide a ‘snapshot’ of the loads recorded during each test at a 
common point of applied rotation. 
The placement and reach of the COR grids differed throughout the 
preliminary testing.  The region and spacing of the first specimen’s COR grid 
was arbitrarily assigned, while grid placement in subsequent specimens was 
informed by the outcomes from previous specimen COR grids.  A schematic 
showing the approximate size and anatomical locations of the COR grids 
assessed for each specimen is provided in Figure 5-6.  Exact details of all COR 
grids used for each specimen in each testing mode are included for reference in 
Appendix H. 
 
Figure 5-6: Approximate anatomical location of the COR grids used for 
preliminary testing on Specimens 1-7 (COR grids for intact flexion are shown) 
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5.3.1 Load-deformation curves 
 
The mechanical data from each individual test was presented on four 
graphs (plots a, b, c, and d) within a single figure.  An example of this data is 
demonstrated for a test performed in flexion to 20˚ in Figure 5-7, and for 
extension to -12˚ in Figure 5-8.  Both the primary moment       and the 
applied primary rotation   , are first plotted against time in plot a and used as a 
check of the synchronisation between robot and load sensor data.  On the 
remaining three axes are plotted the six load-deformation curves.  Each of the 
three forces (        ) are plotted against    (˚) in plot b.  The primary moment 
      is plotted against    in plot c, while plot d shows each of the secondary 
moments              plotted against   . 
The forces and moments in Figure 5-7 and Figure 5-8 are presented with 
reference to the load cell coordinate system (i.e. at the base of the specimen), to 
which the anatomical axes of the specimen were aligned.  The load-deformation 
plots (plots b, c, d) include all three cycles of motion.  Polynomials fitted to the 
final displacement cycle are shown as dotted lines for each of the moment plots 
only (plots c and d).  The magnitude of each force and moment at maximum 
rotation are also highlighted along with the secant gradient used to calculate 
specimen stiffness,  , at the interval of maximum rotation (plots c).  In total 336 
tests were performed. 
The primary moment versus rotation curves were typically non-linear, 
the stiffness increasing with increased rotation.  This is consistent with the 
known behaviour of spinal tissues, as well as the typical load-displacement 
curves obtained by moment-controlled in vitro testing (refer to Section 2.5.2). 
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Figure 5-7: Typical mechanical output for an individual FLEXION test (Intact 
flexion to 20˚ about COR 6 in specimen 5) 
(a) Sagittal plane rotation (  ) of superior potted vertebra T1 about the COR is 
plotted in blue.  The corresponding resistive moment (  ) measured about the 
COR is plotted in green.  This chart is used to check the synchronization 
between robot and load cell output; 
(b) Forces are plotted against sagittal plane rotation    in ˚.     (blue) ,    
(green) and    (red).  The smoothed traces for all three cycles of motion are 
included.  The magnitude of each force at the maximum rotational evaluation 
point on the 3rd motion cycle is indicated by the black dots; 
(c) Primary resistive moment   plotted in blue against rotation   .  The 3rd 
order polynomial fitted to the data from the 3rd motion cycle is indicated by the 
dotted red line.  The method for calculation of stiffness is demonstrated for the 
motion interval 15˚ to 20˚; 
(d) Secondary moments are plotted against rotation   , lateral moment (  ) in 
blue and axial moment (  ) in green.  In this plot the polynomial fitted to the 
final cycle of motion is indicated by a dotted line in the corresponding colour. 
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Figure 5-8: Typical mechanical output for an individual EXTENSION test (Intact 
extension to   -12˚ about COR 31 in specimen 7) 
(a) Sagittal plane rotation (  ) of superior potted vertebra about the COR is 
plotted in blue.  The corresponding resistive moment (  ) measured about the 
COR is plotted in green.  This chart is used to check the synchronization 
between robot and load cell output; 
(b) Forces are plotted against sagittal plane rotation    in ˚.    plotted in blue, 
   in green and    in red.  The smoothed traces for all three cycles of motion 
are included.  The magnitude of each force at the maximum rotational 
evaluation point on the 3rd motion cycle is indicated by the black dots; 
(c) Primary resistive moment   plotted in blue against rotation   .  The 
polynomial fitted to the data from the 3rd motion cycle is indicated by the 
dotted red line.  The method for calculation of stiffness is demonstrated for the 
motion interval -8˚ to -12˚; 
(d) Secondary moments are plotted against rotation   , lateral moment (  ) in 
blue and axial moment (  ) in green.  In this plot the polynomial fitted to the 
final cycle of motion is indicated by a dotted line in the corresponding colour. 
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In both flexion and extension, secondary moments and forces were 
present.  These were most notably in-plane sagittal shear forces,    , a vertical 
compression force,    , and a lateral moment,    .    The presence of these 
loads were often related, typically sharing a common inflection point, followed 
by a simultaneous monotonic increase or decrease.  It was common in both 
flexion and extension for the vertical force,   , to initially follow a parabolic 
tensile path before becoming increasingly compressive.  The maximum tensile 
force encountered during these cases was about    .  There were also some 
tests where    remained tensile, continuing to increase throughout rotation.  In 
these cases a tensile    was accompanied by a considerable anteriorly directed 
shear force (   ).  Compression (   ) was consistently associated with a 
posteriorly directed sagittal shear force (   ) in both flexion and extension. 
Frontal plane shear forces,   , and axial moments,  , remained minimal 
throughout most of the testing of both intact and instrumented specimens.  
There was a consistently higher level of noise in the   signal.  The resolution of 
   was estimated at ± 0.1Nm on visual inspection of the output across multiple 
tests.  This level of noise remained consistent throughout all testing. 
 
5.3.2 Load profile across the COR grid 
 
The magnitude of each of the forces and moments at the maximum 
rotational displacement were interpolated across the area of the COR grid 
(method described in Section 5.2.5.1).  As an example, the resulting contour 
plots for specimen 5 at 20˚ flexion and -12˚ extension are shown in Figure 5-9 
and Figure 5-10 respectively.  Note the continuity for each of the loads in the 
cranial-caudal direction in these figures, along with a clear 
increasing/decreasing trend across the anterior-posterior direction.  Also note 
that the    graph shows the moment contours corresponding to the primary 
loading direction (flexion/extension). 
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(a) 
 
(b) 
Figure 5-9: Contour plots of a) Moments (Nm) and; b) Forces (N) at 20˚ of 
FLEXION across the mid-sagittal plane COR grid used for Specimen 5 tested 
intact. Note that Anterior/Posterior direction is indicated on the   plot y-axis. 
Mx (Primary moment) 
Anterior  ⟺  Posterior 
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(a) 
 
 
(b) 
 
Figure 5-10: Contour plots of a) Moments (Nm) and; b) Forces (N) at 12˚ of 
EXTENSION across the mid-sagittal plane COR grid used for Specimen 5 tested 
intact.  Note that Anterior/Posterior direction is indicated on the   plot y-
axis. 
 
 
 
Anterior  ⟺  Posterior 
Mx (Primary moment) 
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The cranial-caudal pattern of continuity was generally consistent across 
all the specimens tested, both intact and instrumented.  The 
increasing/decreasing trend in the anterior-posterior direction also remained 
consistent among specimens and testing modes for all force components, as well 
as the primary moment   .  The anterior-posterior trend for the off-axis 
moments,    and    showed more variation among specimens and testing 
conditions, suggesting that specimen alignment may influence these loads. 
In most cases, each force and off-axis moment passed through a zero load 
contour within the COR grid and therefore a change in direction, reaching both a 
positive and negative maximum at each of the anterior and posterior COR grid 
boundaries.  For example, in Figure 5-9b the interpolation of in-plane shear 
force    suggests that this force reaches a magnitude of -5N (acting in the 
anterior direction) when the specimen is rotated to 20˚ flexion about a number 
of CORs aligned toward the anterior border of the COR grid.  The plot shows that 
this force can be expected to diminish to zero if the test is repeated about a COR 
displaced approximately 3-4mm posteriorly to the first.  A further posterior 
shift in COR location then produces an entirely different biomechanical result, 
the specimen resisting motion with a posteriorly directed shear force. 
In flexion, tests about CORs toward the posterior boundary of each COR 
grid induced an increased, posteriorly directed sagittal shear force (   ) as well 
as a large compressive axial force (   ).  Conversely, flexion tests about CORs 
toward the anterior COR grid boundary produced anteriorly directed shear 
forces (   ) and tensile axial forces (   ).  In extension, the opposite trends 
applied so that CORs toward the anterior grid boundary produced compressive 
axial loads (   ) and posteriorly directed shear forces (   ).  For both flexion 
and extension, the maximum primary moment reached became larger with an 
increased axial compression load. 
Given that the nature of the testing method subjected specimens to 
secondary loads, it is useful to report on the overall range of loads recorded 
throughout the preliminary tests.  Details of the maximum and minimum values 
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for each load in both flexion and extension are included in table format in 
Appendix H and are discussed presently. 
The maximum applied primary moment,   , in flexion was 6.94 Nm 
during intact testing, and 12.84 Nm during instrumented testing.  In extension, 
these figures were -6.23 Nm and -5.9 Nm respectively.  The magnitudes of off-
axis moments   and   remained within the limits (-1.2 Nm to 1.7 Nm) and (-
0.5 Nm to 0.3 Nm) respectively, throughout all tests.  The largest compressive 
load    (-267 N) was recorded at 20˚ of instrumented (T5-T12) flexion at the 
posterior border of the COR grid in specimen 6, the same location where the 
largest sagittal plane shear force    was recorded at 89.7 N.  Sagittal plane shear 
forces in extension remained much lower (maximum of 28.4 N). 
All of the maximum loads recorded throughout testing were applied to 
specimens when rotated about CORs located along the anterior or posterior 
borders of the COR grids.  It is interesting to note that many load extremes 
occurred during the test about the first COR of the grid, indicating the 
unsuitability in many cases of the first estimate in COR placement. 
 
5.4 A PROPOSED ‘IAR REGION’ 
 
The biomechanical criteria proposed to identify a suitable COR location 
(detailed in Section 5.2.4.2) were applied to the instantaneous interpolations of 
loads across the COR grid at regular intervals throughout the entire range of 
rotation tested for each specimen.  Locations where all reaction forces and 
moments (evaluated at the COR) were within the set tolerances were proposed 
as suitable COR positions.  The aim of limiting the reaction forces allowed 
during fixed COR testing was to more closely simulate the ideal ‘unconstrained’ 
spinal motion.  For this reason the regions deemed as suitable for the placement 
of a COR will be referred to as an ‘IAR region’, as they are at present viewed as 
being analogous to the concept of the IAR.  An example of how an IAR region is 
identified is shown in Figure 5-11. 
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Figure 5-11: An ‘IAR region’ shown plotted onto a COR grid aligned in the mid-
sagittal plane.  Load contours for    (green),     (blue) and   (magenta – 
plotted as % of applied primary moment  ) are overlayed for reference. 
Contours for    and   are not shown as the magnitudes of both remained 
within tolerance throughout the COR grid. [NOTE: This IAR region was found 
for specimen 6 at 10˚ flexion with scoliosis rod across T5-T12] 
 
For each specimen, whether tested intact or instrumented with an 
anterior scoliosis implant, there were identified unique regions within the COR 
grid space deemed suitable for the placement of a COR.  These ‘IAR regions’ in 
most cases were continuous in the cranial-caudal direction, limited by an 
anterior and posterior boundary.  For each specimen, the IAR regions are 
presented graphically, overlayed onto two-dimensional plots of the COR grid 
coordinates in the mid-sagittal plane (Figure 5-12 to Figure 5-18).  IAR regions 
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for the intact specimen are shown in grey, while the boundaries of those 
identified during testing of the instrumented specimen are overlayed as a red 
outline.  Rotational evaluation points during flexion were regularly spaced 5˚ 
apart, while in extension they are spaced either 2˚, 3˚, or 4˚ apart depending on 
the magnitude of the maximum rotation. 
All figures have been printed at full scale and due to limited space, axis 
titles are not given and are instead explained presently.  The anterior-posterior 
coordinate (Y-coordinate) is plotted on the horizontal axis and the superior-
inferior coordinate (Z-coordinate) on the vertical axis.  These coordinates are 
given relative to the origin located at the base of the lower fixation cup and are 
shown (in mm) on the horizontal and left vertical axes respectively.  An 
additional anatomical scale is included on the right vertical axis to label the 
vertebrae, specific to each specimen.  Each vertebral body outline was 
constructed from two digitised landmarks, the anterior-superior and anterior-
inferior borders of the vertebral body in the mid-sagittal plane.  Note that these 
have been drawn primarily to aid in the interpretation of the plots.  All 
endplates have been arbitrarily orientated parallel to the horizontal and to a 
depth of 20mm from the digitised anterior border. 
Note that no digitising pen was used for either specimen 1 (Figure 5-12) 
or 2 (Figure 5-13) and therefore the position of anatomical landmarks (mid-
height of the vertebral bodies) are estimates made from manual measurements.  
A nominal location of the anterior border of the spinal column has been marked 
with an ‘A’ on the top horizontal axis for these two specimens. 
As previously mentioned, the COR grid used in specimen 1 was placed 
midway along the length of the spinal column spanning a vertical region from 
the mid height of T6 to the mid height of T8.  It’s sagittal location anterior to the 
spinal column was an educated guess, given the geometry and weight of the 
ribcage extending anterior to the column.  The location of the 9 CORs were 
determined prior to the tests and spaced an arbitrary 20mm apart. 
As can be seen in Figure 5-12, IAR regions were interpolated within the 
COR grid for both flexion and extension up to the maximum rotations of 10˚/-6˚.  
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Taking the form of a narrow (< 10mm wide) ‘strip’, the IAR regions traversed 
the entire grid, located close to the anterior edge of the vertebral column in 
flexion, and just within the vertebral column in extension.  The continuity of the 
IAR regions in this first specimen suggested they may continue superiorly and 
inferiorly beyond the grid, and while unique to each primary loading direction 
(flexion and extension), there was some overlap at the maximum rotations and 
it appeared this may have continued inferiorly beyond the grid. 
 
  
5˚ 10˚ 
(a) 
  
-3˚ -6˚ 
(b) 
Figure 5-12: Locations of IAR regions for Specimen 1 in (a) Flexion and; (b) 
Extension. Note that Y and Z coordinates are in mm. 
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Given the outcomes from specimen 1, the COR grid tested for specimen 2 
was positioned more inferiorly (centred at T8 mid-body) and posteriorly with 
its anterior limit coinciding with the anterior border of the spinal column 
spanning T7-T9.  This was to investigate the suggestion that an IAR region may 
continue to exist posterior and inferior to the grid tested in specimen 1.  The 
grid spacing was also reduced.  IAR regions were again identified within the 
limits of the COR grid with those evaluated at the maximum rotations (10˚/-6˚) 
showing considerable overlap between flexion and extension (See Figure 5-13a 
below and Figure 5-13b continued on the following page). 
 
  
5˚ 10˚ 
(a) 
 
Figure 5-13: Locations of IAR regions for Specimen 2 in (a) Flexion and; (b) 
Extension. Note that Y and Z coordinates are in mm. [Figure part (b) is shown on 
the following page] 
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-3˚ -6˚ 
(b) 
 
Figure 5-13: Locations of IAR regions for Specimen 2 in (a) Flexion and; (b) 
Extension. Note that Y and Z coordinates are in mm. 
 
For the testing of specimen 3, a digitising pen was used.  This meant that 
accurate COR placement relative to anatomical landmarks was possible.  A COR 
grid spanning T8-T9 (concentrated on the disc space) was tested with the 
horizontal grid spacing further refined to 5mm.  IAR regions at each rotational 
evaluation point were identified in both flexion and extension located posterior 
to the anterior border of the spinal column.  There was again some overlap 
between the IAR regions for flexion and extension, however there was reason to 
expect a continued divergence at increased rotations (ie. > 10˚/-6˚).  This is 
evidenced by a trend for the IAR region to move anteriorly with increasing 
rotation in flexion (compare plots at 5˚ and 10˚ in Figure 5-14a) and posteriorly 
with increasing rotation in extension (compare plots at -3˚ and -6˚ in Figure 
5-14b). 
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5˚ 10˚ 
(a) 
  
-3˚ -6˚ 
(b) 
 
Figure 5-14: Locations of IAR regions for Specimen 3 in (a) Flexion and; (b) 
Extension. Note that Y and Z coordinates are in mm. 
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Specimen 4 was the first specimen tested in both the intact and 
instrumented conditions (refer to Table 5-1).  The COR grid spanned the T7 and 
T8 vertebral bodies and the same combined flexion/extension test was used as 
in the previous specimens.  It was now clear that the flexion and extension IAR 
regions were digressing, and this was exaggerated further for the instrumented 
IAR regions.  At this stage in the preliminary testing it was decided that flexion 
and extension should be performed as separate tests. 
  
5˚ 10˚ 
(a) 
  
-3˚ -6˚ 
(b) 
Figure 5-15: Locations of IAR regions for Specimen 4 in (a) Flexion and; (b) 
Extension. [intact – grey, instrumented T6T12 – red outline] Note that Y and Z 
coordinates are in mm. 
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The goal of the testing performed with the remaining specimens 5-7 was 
to investigate the presence/change in location of the IAR region with the 
addition of the scoliosis rod.  The COR grid locations were confined to the spinal 
region spanning T7-T10.  An equal goal was to determine a safe rotation limit 
common to testing of both the intact and instrumented specimen, given that 
higher (and possibly damaging) loads are expected with the addition of the rod. 
IAR regions were identified for each specimen, tested both in the intact 
and instrumented conditions.  In Specimens 5 and 7 however, no IAR regions 
were identified at some early evaluation points during flexion (5˚and 10˚).  In 
each of these cases the limiting criteria preventing a region being identified as 
an ‘acceptable’ IAR region was that for all CORs,    was positive at these 
rotations.  The magnitude of    across the COR grids at these rotations did not 
exceed     , however at COR locations where the remainder of the IAR region 
criteria were met (posterior portions of the grid), the magnitudes of the tensile 
   were in fact much lower. 
For intact extension at -12˚ in specimen 7, the isolated region within an 
otherwise continuous IAR region was due to         which is a left lateral 
moment (   ).  No IAR region was found for the instrumented specimen 7 at -
12˚ as the sagittal shear force (  ) was always   .  
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5˚ 10˚ 15˚ 20˚ 
(a) 
 
 
 
-4˚ -8˚ -12˚ 
(b) 
Figure 5-16: Locations of IAR regions for Specimen 5 in (a) Flexion and; (b) 
Extension. [intact – grey, instrumented T5T12 – red outline] Note that Y and Z 
coordinates are in mm. 
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5˚ 10˚ 15˚ 20˚ 
(a) 
   
4˚ 8˚ 10˚ 
(b) 
Figure 5-17: Locations of IAR regions for Specimen 6 in (a) Flexion and; (b) 
Extension. [intact – grey, instrumented T5T12 – red outline] Note that Y and Z 
coordinates are in mm. 
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5˚ 10˚ 15˚ 
(a) 
   
-4˚ -8˚ -12˚ 
(b) 
Figure 5-18: Locations of IAR regions for Specimen 7 in (a) Flexion and; (b) 
Extension. [intact – grey, instrumented T6T12 – red outline] Note that Y and Z 
coordinates are in mm. 
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Collectively, the COR grids tested spanned the anatomical region extending from 
the T10T11 disc inferiorly, to the mid-height of the T6 vertebral body 
superiorly.  Details for the location and width of the IAR regions, evaluated at 
every endplate within each specimen’s COR grid are presented in Table 5-2. for 
flexion and Table 5-3 for extension.  Anatomical location is presented as the 
horizontal distance, d,  (in mm) of the anterior edge of the IAR region from the 
anterior border of the endplate (IAR regions posterior to anterior endplate 
denoted as positive).  Specimens 1 and 2 were excluded from the tables due to 
uncertainty in the placement of anatomical landmarks.   
When the results from each specimen are viewed collectively, a relatively 
harmonious story for the location of an IAR region during fixed COR testing of 
the thoracic spine and rib cage emerges.  The overall average location (across all 
rotational evaluation points and including both intact and instrumented tests) of 
the ‘anterior edge’ of the IAR region during flexion, d, was 8.2 mm posterior to 
the anterior border of the spinal column (range 0.4 – 16.1mm), while the 
average width, w, was 3.2 mm (range 0.1 – 7.0 mm).  The overall average 
location of the ‘anterior edge’ of the IAR region during extension, d, was 9.7 mm 
posterior to the anterior border of the spinal column (range 0.1 – 21.3mm), 
while the average width, w, was 5.9 mm (range 0.2 – 21.0 mm). 
Note however that in some cases the IAR region reached the border of 
the COR grid and therefore the actual width may in fact be larger at these 
locations than what is presented here. 
The location and shape of the IAR region was observed to change 
throughout the full extent of motions tested and was also dependent on the 
condition in which the specimen was tested (intact versus instrumented).  
These results will be addressed in detail in the following sub-sections. 
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Table 5-2: IAR region location (d) and width (w) evaluated at each vertebral 
endplate and for each rotational evaluation point, 5˚, 10˚, 15˚ and 20˚ for 
Specimens 3-7 tested in FLEXION, both the intact condition (i) and instrumented 
with scoliosis rod (r). ‘N’ denotes where no IAR region was found. 
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Table 5-3: IAR region location (d) and width (w) evaluated at each vertebral 
endplate and for each rotational evaluation point, -3˚, -4˚, -6˚, -8˚, -10˚, and -12˚ for 
Specimens 3-7 tested in EXTENSION, both the intact condition (i) and 
instrumented with scoliosis rod (r). ‘N’ denotes where no IAR region was found.  
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5.4.1 Change in location with increasing spinal rotation 
 
The IAR regions were found to be unique at each evaluation point 
throughout the prescribed rotations.  This is in line with the concept of an 
‘instantaneous’ axis of rotation.  In flexion, the anterior border of the IAR region 
‘tracked’ anteriorly with increasing rotation.  This proved a consistent trend for 
all specimens tested both in the intact and instrumented conditions and is 
evidenced by an incremental decrease in the IAR location parameter, d ,in Table 
5-2 with increasing primary rotation.  An evaluation of the specimen specific 
changes in d throughout motion revealed an average anterior movement of the 
IAR region boundary of 2.8mm for each 5˚ increase in rotation (flexion). 
Considering all intact specimens collectively, the average location of d at 
5˚ of flexion was 12.4mm posterior to the anterior border of the spinal column, 
and was reduced to 4.6mm at 20˚ of flexion.  The corresponding magnitudes for 
the instrumented specimens were 10.5mm at 5˚ and 4.0mm at 20˚ of flexion. 
In extension, the anterior border of the IAR region ‘tracked’ posteriorly 
with increasing rotation.  An evaluation of the specimen specific changes in d 
throughout motion revealed an average posterior movement of the anterior IAR 
boundary of 3.5mm between each incremental increase in rotation, which were 
varied throughout the extension testing (2˚- 4˚). 
 
5.4.2 Effect of instrumentation 
 
In total four specimens (4,5,6,7) underwent testing before and after 
insertion of an anterior scoliosis rod.  At each rotational evaluation point the 
corresponding IAR regions for the instrumented specimens were different to 
those found for the intact specimens, however in many cases there was overlap 
between the two regions (Refer to Figure 5-12 to Figure 5-18).  As presented in 
the previous section, the nature of the movement of the instrumented IAR 
region throughout increasing spinal rotations was consistent with the 
behaviour of the intact specimen. 
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5.4.3 Load constraints at IAR region boundaries 
 
There was a consistency in the load constraints which determined the 
anterior and posterior boundaries of the proposed IAR regions in flexion and 
extension.  These are illustrated in Figure 5-19 and discussed separately for 
each of flexion and extension. 
 
(a) (b) 
Figure 5-19: Reaction load constraints which determined the anterior and 
posterior boundaries of the proposed IAR regions under the chosen criteria in; 
a) flexion and; b) extension. (a smaller font signals a less common incidence) 
 
In flexion:  During the testing of intact specimens, the anterior boundary of the 
proposed IAR region was predominantly determined by the constraint imposed 
on     to remain negative, the borders tracing the       contour line.  
However, once instrumented with the scoliosis rod it was the presence of 
sagittal plane shear forces          which was most prominent in 
determining the anterior limit of the proposed IAR region.  This means that for 
instrumented specimens, rotation about a COR on the anterior border of the 
proposed IAR region will likely produce compressive forces       acting on the 
specimen. 
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Posteriorly, the IAR region was predominately limited by a posteriorly 
directed sagittal plane shear force         for both intact and instrumented 
specimens.  Given the only constraint on    was to be compressive, it is useful to 
note the magnitude of    at the posterior IAR region boundary during flexion.  
To do this, the average    along the length of the posterior IAR region boundary 
was extracted for every specimen at each rotational evaluation point.  The 
maximum average was     , observed during the testing of the instrumented 
specimen 6 at the maximum primary rotation of 20˚ flexion.  In all cases of 
instrumented testing, the action of the scoliosis rod was to increase the 
magnitude of the compressive force    acting for tests about CORs along the 
posterior IAR region border. 
In extension: The constraint for    to remain compressive was the dominant 
factor limiting the posterior extent of the IAR region in extension, which is in 
direct contrast to that observed for flexion tests. 
The dominant constraints which limited the IAR region anteriorly during 
extension were a posteriorly directed shear force        , as well as a right 
lateral moment           or            .  The lateral moment may 
indicate a tendency toward buckling.  The maximum average magnitude of    
calculated along an anterior IAR region boundary was      , which occurred 
during testing of the instrumented specimen 7 at the maximum rotation of -12˚. 
In contrast to the finding at the posterior IAR boundary in flexion, the 
average    acting along the anterior boundary in extension was in most cases 
larger for the intact specimen than for the instrumented specimen.  This 
suggests that more compressive force is able to be endured before shear and 
secondary moment criterion are exceeded in the intact specimens, however 
once instrumented, the specimen can withstand less compressive force before 
other load constraints are exceeded.  In specimen 6 and 7 (Refer to Figure 5-17b 
and Figure 5-18b) a posteriorly directed shear force         came into effect 
in limiting the IAR region inferiorly, preventing it extending the length of the 
COR grid. 
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5.4.4 Variation of stiffness within IAR region 
 
Interpolations of the stiffness,  , across the COR grid demonstrated a 
clear variation in stiffness with respect to the location of the COR.  An example 
of the stiffness contour plots obtained for both an intact (  ) and instrumented 
(  )   specimen undergoing flexion during the motion from 15˚ to 20˚ are shown 
in Figure 5-20.  As with the loads, the stiffness contours were aligned in the 
cranial-caudal direction, the same trend observed for both the intact and 
instrumented tests.  This means that the greatest variation in stiffness was 
directed in the anterior-posterior direction across the grid and thus in general, 
also across the width of the IAR regions. 
  
(a) (b) 
Figure 5-20: Contour plot of stiffness,  , across the COR grid during the 
maximum rotation interval 15˚-20˚ in flexion for testing carried out on 
Specimen 6 in; a) the intact condition      and; b) instrumented with a scoliosis 
rod between vertebral levels T5-T12     . 
 
The variation in stiffness across the IAR regions was significant.  The 
average stiffness evaluated along each of the anterior and posterior boundaries 
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of the IAR region at the maximum rotational interval is shown for each 
specimen tested in flexion in Table 5-4 and tested in extension in Table 5-5.  The 
average percentage increase in stiffness anterior to posterior, across the width 
of the IAR region is given in the final column of each table. 
Table 5-4: Variations in stiffness across the IAR region evaluated along the 
anterior      and posterior      IAR boundaries for the final rotational 
interval for each specimen tested in FLEXION in both the intact (i) and 
instrumented (r) conditions. Units are in Nm/˚. 
 
 
Table 5-5: Variations in stiffness across the IAR region evaluated along the 
anterior      and posterior      IAR boundaries for the final rotational 
interval for each specimen tested in EXTENSION in both the intact (i) and 
instrumented (r) conditions. Units are in Nm/˚. 
 
Avg. SD Avg. SD
1 5˚ - 10˚ i 0.09 0.00 0.14 0.01 53
2 5˚ - 10˚ i 0.09 0.04 0.12 0.03 37
3 5˚ - 10˚ i 0.13 0.02 0.20 0.02 62
i 0.11 0.01 0.14 0.01 22
r 0.22 0.05 0.26 0.02 19
i 0.04 0.00 0.06 0.01 34
r 0.17 0.03 0.29 0.03 68
i 0.25 0.03 0.29 0.04 17
r 0.48 0.05 0.53 0.06 11
i 0.10 0.02 0.16 0.03 68
r 0.19 0.06 0.31 0.06 64
Spec.
4
5 10˚ - 15˚
15˚ - 20˚
10˚ - 15˚7
6
5˚ - 10˚
Testing 
Condition
Rotational 
interval
         
  
     
Avg. SD Avg. SD
1  -3˚ - -6˚ i 0.14 0.02 0.09 0.02 -36
2  -3˚ - -6˚ i 0.04 0.02 0.03 0.01 -22
3  -3˚ - -6˚ i 0.24 0.04 0.13 0.05 -46
i 0.10 0.01 0.05 0.02 -47
r 0.11 0.03 0.11 0.04 -2
i 0.08 0.01 0.04 0.01 -50
r 0.17 0.03 0.11 0.03 -35
i 0.35 0.11 0.18 0.03 -47
r 0.32 0.06 0.22 0.01 -32
 -8˚ - -12˚ i 0.47 0.15 0.10 0.03 -80
 -4˚ - -8˚ r 0.09 0.00 0.07 0.01 -20
7
4  -3˚ - -6˚
5  -8˚ - -12˚
6  -8˚ - -10˚
Spec.
Rotational 
interval
Testing 
Condition
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The result that follows and is of particular interest is then how much of a 
variation can be expected in the reported relative increase in stiffness due to the 
attachment of a scoliosis rod given that: A common COR is used for both the 
intact and instrumented tests, the location of the COR chosen to produce a 
biomechanical response from both the intact and instrumented specimen which 
is within the chosen constraints.  This result is shown graphically in Figure 5-21 
where contour plots of instrumented stiffness relative to intact stiffness,    
(Refer to Equation 5-7 on page 5-154) are overlayed onto the COR grid for 
specimen 7 in           flexion in Figure 5-21a and for specimen 5 in 
           extension in Figure 5-21b.  In both plots the overlapping IAR 
region (that which was common to both the intact and instrumented specimen) 
has been highlighted by a blue outline. 
The variation in    within the IAR region found common to both the 
intact and instrumented specimens is quantified in Table 5-6.  These results 
demonstrate that the parameter ‘% change in spinal stiffness’ yielded by testing 
an intact and instrumented specimen about the same COR can be expected to 
vary considerably, depending on the location of the chosen COR within the 
proposed ‘IAR region’. 
 Table 5-6: Stiffness of the instrumented specimen relative to the intact 
specimen      within the IAR region common to both the instrumented and 
intact specimen.  The rotational interval shown is the highest interval where a 
common IAR region was identified. 
 
 
 
Avg. SD Min Max
7 10˚ - 15˚ 149 16 114 195
6 10˚ - 15˚ 252 14 217 283
5 10˚ - 15˚ 393 62 255 512
7  -4˚ - -8˚ 79 10 56 101
6  -8˚ - -10˚ 111 9 94 150
5  -8˚ - -12˚ 226 36 130 349
Spec.
Rotational 
interval
Test Mode
Flexion
Extension
  [%]
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(a) (b) 
Figure 5-21: Contour plots of the stiffness of the instrumented specimen relative 
to the stiffness of the intact specimen      for (a) specimen 7 in flexion 
          and b) specimen 5 in extension           .  The IAR region 
common to both the intact and instrumented specimen is indicated by the blue 
outline in each plot.  (All contour plots of    for specimens 5,6 and 7, tested in 
both flexion and extension are included in Appendix H) 
 
  
Chapter 5: In vitro experimentation – Method development 
____________________________________________________________________________________________ 
5-186 
5.5 LOADS ALONG THE LENGTH OF THE SPECIMEN 
 
Thus far, the biomechanical response of the thoracic spine and ribcage 
constructs to fixed COR displacement-controlled testing has been evaluated 
about a single point, the COR.  These results have shown that both moments and 
forces are present.  Where there are forces present, there will be also be 
additional moments induced within the spine/ribcage construct.  In this section 
the nature of the variation in moments along the length of the specimen is 
presented.  This is important as the presence of additional loads has long been a 
criticism of this form of in vitro testing.  Evaluating the biomechanics of a multi-
segment spine specimen based on the reaction loads calculated at a single point 
(the COR) may be misleading. 
As discussed in Section 5.2.4.3, spinal motion was recorded throughout the 
testing carried out on Specimen 7 using an optical motion tracking system.  
Using this data, the magnitude of each moment        , acting at the anterior 
edge of each vertebra’s superior endplate in the mid-sagittal plane at the 
maximum rotation was calculated (See Appendix F for calculations).  This 
allows for a comparison between the moment magnitudes along the length of 
the anterior spinal column and those which were resolved and reported about 
the COR.  These comparisons are made for flexion in Section 5.5.1 and for 
extension in Section 5.5.2.  For reference, the anatomical locations of the COR 
grids used for flexion and extension are illustrated in Figure 5-22a and Figure 
2-22b respectively.  Also included on the plots are the locations of the proposed 
IAR regions at the maximum applied rotations, being 16˚ in flexion and -12˚ in 
extension.  Note that only CORs which were tested using both the intact and 
instrumented specimen have been included. 
For the sake of brevity the data describing the distribution of the total 
applied primary rotation among the individual motion segments is not 
presented here but rather is addressed in detail in Chapter six. 
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(a) (b) 
 
Figure 5-22: COR grid common to both intact and instrumented tests performed 
on specimen 7 in a) Flexion and; b) Extension.  Proposed IAR regions are shown 
at 16˚ Flexion and -12˚ in Extension, the intact region in grey and the 
instrumented region indicated by the red outline.  (Note that no IAR region was 
identified for the instrumented specimen in extension at -12˚) 
  
Chapter 5: In vitro experimentation – Method development 
____________________________________________________________________________________________ 
5-188 
5.5.1 Flexion 
 
The moments produced along the length of the spinal column at the 
maximum rotation of 16˚ are shown for a sample of three tests conducted on the 
intact specimen (COR 53, 10, 44) in  Figure 5-23 and on the instrumented 
specimen (COR 53, 5, 45) in Figure 5-24.  Each test was identified as within the 
‘IAR region’ at 16˚ of flexion, COR 53 being common to both testing conditions.  
The order in which the tests have been displayed is according to the descending 
location of the COR.  For exact anatomical locations of each COR, consult Figure 
5-22a. 
For the intact flexion tests:  For the test about the most superior COR within 
the IAR region (COR 53), the primary moment,   , along the length of the 
anterior column was less than the moment reported about the COR 
(             .  It increased from        at T1 to        at T12, 
varying between 53% and 38% less than       .  As the COR location became 
more inferior, the trend for    to increase along the length of the column from 
superior vertebra to inferior became more marked and magnitudes greater than 
      were observed at the most inferior levels.  For COR 10,   at T1 was 59% 
less than      , while at T12 it was 30% greater than       .  At COR 44, the 
primary moment,   , was negative (extension moment) at the four most 
superior vertebrae (T1-T4) and steadily increased to        at T12, which 
was 15% greater than     . 
The secondary moments,    and   , calculated along the length of the 
anterior column did deviate from the corresponding moments reported about 
the COR for all three tests, however these deviations are barely noticeable on 
the scale used in Figure 5-23 and each remained within       . 
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(a) (b) (c) 
Figure 5-23: Moments acting on the anterior edge of each vertebra along the 
length of the specimen for a) COR 53 b) COR 10 and c) COR 44, each identified 
within the IAR region at 16˚ of intact flexion of specimen 7. The primary 
moment   is shown in the top plots,   in the middle plots and   in the 
bottom plots. The magnitude of the corresponding moment evaluated at the 
COR is marked by a red line in each graph. 
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(a) (b) (c) 
 
Figure 5-24: Moments acting on the anterior edge of each vertebra along the 
length of the specimen for a) COR 53 b) COR 5 and c) COR 45, each identified 
within the IAR region at 16˚ of instrumented flexion of specimen 7. The 
primary moment   is shown in the first column,   in the middle column and 
   in the final column. The magnitude of the corresponding moment evaluated 
at the COR is marked by a red line in each graph. 
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For the instrumented flexion tests:  For each of the tests shown, there was a 
consistent pattern whereby the primary moment,  , increased along the length 
of the column, superior to inferior.  This is the same pattern as observed for the 
intact tests, however the deviations of    from      were more pronounced 
than those observed for the intact tests (note all corresponding x-axis scales are 
identical in Figure 5-23 and Figure 5-24.  Also, negative moments were 
calculated at superior vertebrae in all three tests, at T1-T3 for COR 53, T1-T5 for 
COR 5 and T1-T6 for COR 45 (Refer to Figure 5-24).  The magnitudes of these 
opposing moments also increased as the COR position became more inferior.  
For COR 53,   increased along the column to exceed      at the three inferior 
most vertebrae (T10-T12), however in the test about COR 45, the primary 
moment acting at all vertebrae remained less than     . 
It followed that there were also significant deviations from the loads 
reported about the COR and the corresponding secondary moments   and  , 
calculated along the length of the spinal column.  Both    and    were largest 
at the most superior vertebrae and positive in sign (directed to the left).  
However there was often a change in sign along the column, the most inferior 
vertebrae subjected to secondary moments directed to the right, albeit at 
insignificant magnitudes (< 0.1Nm).  The left lateral moment,    reached 
magnitudes > 0.1Nm at some superior levels, the largest being 0.61Nm at T1 in 
the test about the most inferior COR 45.  The left axial moment  , also reached 
magnitudes larger than 0.1Nm at superior levels in the test about COR 45.  This 
means that the actual moments occurring at some levels within the column 
exceeded the criteria set for a valid IAR region. 
So the negative (extension) primary moments at superior vertebrae 
were associated with large (up to x% of  ) secondary moments directed to the 
left.  The more positive the primary moment became (flexion), the less severe 
both the secondary moments acting at that vertebra became also. 
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5.5.2 Extension 
 
During extension testing a problem was encountered whereby the motion of the 
rigid body marker frames on distal vertebrae (T10 and/or T11) were impeded 
by the inferior specimen fixation cup.  This occurred only toward the full extent 
of extension.  Therefore intervertebral motions at T9T10 and T10T11 could not 
be resolved, and so vertebral moments have been calculated for T1 through to 
T9 only. 
There were a number of CORs identified within the proposed IAR region for the 
intact Specimen 7 at the maximum rotation of -12˚ (See Figure 5-22b). 
However, there was no IAR region identified for the instrumented specimen at -
12˚ due to the shear force (Fy) exceeding tolerance across the COR grid.  Shear 
force (Fy) was minimum at the most superior row of CORs (≅ 8 N) and 
maximum at the inferior most row of CORs (≅ 15 N).  The most superior COR 
within the IAR region was COR 38. 
The moments produced along the length of the spinal column at the maximum 
rotation of -12˚ are shown for tests conducted about CORs 28, 38 and 30 on the 
intact specimen in Figure 5-25 and on the instrumented specimen in Figure 
5-26.  For exact anatomical locations of each COR, consult Figure 5-22b. 
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(a) (b) (c) 
Figure 5-25: Moments acting on the anterior edge of each vertebra along the 
length of the specimen for a) COR 38 b) COR 28 and c) COR 30, at -12˚ of  intact 
extension of specimen 7. The primary moment   is shown in the first column, 
   in the middle column and   in the final column. The magnitude of the 
corresponding moment evaluated at the COR is marked by a red line in each 
graph. Units are in Nm. 
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(a) (b) (c) 
Figure 5-26: Moments acting on the anterior edge of each vertebra along the 
length of the specimen for a) COR 38 b) COR 28 and c) COR 30, at -12˚ of 
instrumented extension of specimen 7. The primary moment   is shown in 
the first column,   in the middle column and   in the final column. The 
magnitude of the corresponding moment evaluated at the COR is marked by a 
red line in each graph. Units are in Nm. For anatomical location of CORs refer to 
Figure 5-21b 
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As was observed during flexion, the primary moment,   , during the 
intact extension tests increased (i.e. became more negative) along the length of 
the spinal column, superior to inferior.  At COR 38, the moment at T1 was 1% 
greater than      and increased to 33% greater than      at T10.  At COR 28, 
the moment at T1 was 57% less than       and increased to 22% greater than 
      at T10.  A 6mm anterior increment in COR location to COR 30 then saw 
the primary moment at all vertebrae larger than      (55% greater at T10). 
The secondary moments during intact extension,    and   , remained 
within         along the length of the spinal column for the tests shown, the 
exception being    in the test about COR 30, which peaked at 0.43 Nm at T6.  
The variation of    along the length of the column became more extreme at 
CORs toward the anterior border of the COR grid, magnitudes reaching a 
maximum at mid height along the column.  This result was consistent with the 
buckling observed for tests conducted about these CORs.  The specimen buckled 
to the left (apex to the right) at the middle segments (T4-T9) which corresponds 
to the action of a left lateral moment. 
For the instrumented extension tests, the primary moment,   , was in 
fact found to be positive (flexion) for the superior most vertebrae in each of the 
tests shown in Figure 5-26.  The moment then decreased at each vertebra 
moving inferiorly until it became negative (extension), which occurred at T4 for 
COR 38, T7 for COR 28 and T6 for COR 30.  After becoming negative,    then 
continued to increase along the length of the spinal column, the magnitude 
reported for      reached only at the most inferior vertebrae. 
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5.6 DISCUSSION 
 
The aim of this chapter was to explore the capabilities and limitations of a 
fixed-COR displacement controlled in vitro spine testing method for assessing 
the biomechanics of anterior scoliosis instrumentation applied to the thoracic 
spine.  Testing in flexion and extension was performed on seven pilot specimens 
using the methodology described in Sections 5.2.3 to 5.2.5.  In particular, a novel 
grid-based testing approach was used in which each spinal motion was repeated 
about a number of CORs, all located within a two-dimensional plane (in this case 
the mid-sagittal plane).  The resulting measurements of primary and off-axis 
forces and moments during each test were used to construct biomechanical 
contour plots overlayed onto the COR grid, on which were defined ‘acceptable’ 
IAR regions according to a set of criteria for minimising off-axis loads and 
ensuring compressive vertical loads.  Thus, COR position was able to be 
evaluated in terms of its effect on spinal loads and stiffness.  The use of a motion 
capture device (for specimen 7) also gave further characterisation of this testing 
method in terms of assessing loads along the length of the spinal column. 
The presence of secondary loads during displacement controlled testing 
has long been a concern in the use of the method.  Throughout this chapter, not 
only has the magnitude of these loads been reported, but by the grid-based 
approach, the nature of these loads with respect to COR position has also been 
shown.  Clear trends in the relative constraining loads to be expected due to an 
incremental change in the location of the COR were found.  In fact, the continuity 
of the load contours in the cranial-caudal direction and their 
increasing/decreasing trend across the COR grid (anterior-posterior direction) 
gave rise to the characteristic shape found for the IAR regions identified within 
the COR grids. 
Under the chosen criteria, IAR regions were identified and resembled 
rivers, running continuously throughout the COR grid in the cranial-caudal 
direction and located within the anterior spinal column.  Given that the average 
width of the IAR region was found to be 3.2mm in flexion and 5.9mm in 
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extension throughout the range of testing, COR grid spacing should be 2-5mm 
for adequate sensitivity. 
For sagittal plane spinal rotations it was in-plane reaction forces,    (axial) 
and    (sagittal shear) which were most prominent in determining the anterior 
and posterior boundaries of the IAR regions.  This result is consistent with the 
characteristics of thoracic flexion and extension in vivo, being primarily in-plane 
motions with little coupling (Willems et al., 1996). 
Evaluated at rotational intervals, the IAR region was found to move throughout 
the full range of the prescribed spinal motion, tracking anteriorly throughout 
increasing flexion and posteriorly with increasing extension.  It is interesting 
that these directions for a multi-segment spine specimen are consistent with the 
directions of IAR movement predicted by a finite element model of a single 
thoracic motion segment in flexion and extension (Qiu et al., 2004). 
For the purposes of evaluating the spinal response about a fixed COR, the IAR 
region identified at the maximum applied rotation is considered the most 
suitable region in which to position the COR.  Given this choice, it is likely the 
chosen COR may lie anterior to the IAR regions identified at earlier rotations in 
flexion, and conversely lie posterior to the IAR regions identified at earlier 
rotations in extension.  In both instances the load contour plots show that the 
load constraint violated at these locations is consistently that    is tensile (> 
0N).  The maximum magnitude of the tensile force    reached during early 
rotation is expected to remain small (<10N) given that the chosen COR is likely 
in close proximity to the IAR region border at the particular magnitude of 
rotation (Refer to Table 5-2 and Table 5-3).  Therefore, a characteristic of fixed-
COR testing is that the specimen may be in a state of tension early in the 
rotation. 
The aim of imposing load constraints on fixed-COR displacement 
controlled testing was to establish a degree of equivalence between a 
displacement controlled and moment controlled test protocol.  The testing in 
this chapter was performed without a pre-load or follower-load which is 
increasingly being used with moment-controlled testing.  In its absence, a 
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monotonically increasing vertical compression load (not axially aligned) 
occurred throughout rotation and the moments applied along the length of the 
specimen varied.  The relative influences of these two loading states is difficult 
to compare.  It is interesting that Panjabi et al., (1976), in one of the first 
biomechanical evaluations of the thoracic spine, noted that the IAR is not a 
property of the motion segment alone, but of the motion segment and the 
applied load together. 
The IAR regions were found to be unique to both the spinal motion 
(flexion/extension) and the specimen’s testing condition (intact/instrumented).  
However, in many cases the IAR region for the intact specimen overlapped with 
the IAR region for the instrumented specimen (under the same motion).  This 
means that (under the conditions applied in this study) it is possible to identify 
a region suitable for the placement of a fixed COR which can be used to apply 
the same spinal motion to both an intact and instrumented specimen while 
keeping reaction forces during both tests within a set of proposed constraints.  
This is a desirable result allowing a direct comparison to be made between the 
biomechanical response of the intact spine and that of the instrumented spine, 
when both are subjected to the same motion constraints. 
For the purposes of evaluating the effect of scoliosis instrumentation, the 
desired biomechanical comparison is usually that of the relative increase in 
stiffness due to the addition of the implant.  A difficulty arises due to the fact 
that under the criteria proposed in this chapter there was found to be 
considerable variation in the stiffness response of the specimen rotated about a 
COR within the proposed IAR region.  It is important to note that a tighter set of 
criteria could also have been used and therefore may yield an IAR region 
exhibiting less variation in stiffness.  The tolerance imposed on in-plane shear 
force     was chosen in line with the magnitudes of secondary loads found 
previously reported in the literature during in vitro spinal testing (See Section 
5.2.2).  However, constraining    only to be negative allowed for a range of 
compressive    magnitudes to be produced without exceeding any other 
imposed load constraint.  It may be that constraining    to a compressive limit 
will reduce the stiffness variation within the proposed IAR region. 
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This testing has shown that the presence of even ‘small’ constraining 
loads during the testing of multi-segment spine specimens can have a large 
impact on the resulting stiffness that is reported.  How therefore should a 
relative increase in stiffness due to the addition of the scoliosis implant be 
reported/interpreted from within the IAR regions presented here?  One 
strategy could be to prioritise the minimisation of either    or    and report the 
biomechanical comparison about a COR in which the chosen load state is 
realised.  Under this constraint the COR in which this load state is realised is 
likely to be different for both the intact and instrumented specimen.  To 
compare the biomechanics between two such tests makes null the stated 
advantage of fixed-COR testing, that behaviour can be compared between two 
(or more) conditions, all subjected to the same motion constraints.  However, 
this more closely resembles what is expected (and accommodated for) under a 
moment-controlled test, a shift in IAR between intact and instrumented states. 
The implications of loading characteristics which are specific to the in 
vitro testing method depend on the factors which effect the motion of the spine 
in vivo.  The fact is that little is known about the actual physiological control of 
spinal motion.  Moment controlled testing is performed with the approach that 
it is better to evaluate the motions of the spine (in various conditions) in 
response to a uniform load.  However, it may be that the spine, due to various 
physical constraints (including the addition of an implant) is not always able to 
completely minimise constraining loads.  The value of the grid-based testing 
approach therefore, may be in the very fact that a range of expected increases in 
stiffness due to the action of the implant are reported in response to a range of 
known spinal motions and resistive loads. 
It is important to again note that moment-controlled testing devices also 
cannot completely eliminate secondary load components (Gedet et al., 2007).  
Given the continuous nature of the ‘IAR regions’ identified in this study, it is 
interesting to speculate on where an IAR might be located if similar tests to 
those performed here were performed under moment-control.  Perhaps the IAR 
would track a locus which provides for spinal motion with least resistance (i.e. 
minimises spinal stiffness). 
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From a research perspective the in vitro testing methodology developed 
in this chapter provides new information about the biomechanical response of 
the spine relative to different loading states and imposed motions.  It provides 
additional kinematic data allowing the direct comparison of the relative 
intervertebral motions of the spine intact, and under the influence of scoliosis 
instrumentation.  The effect of COR position on the loads along the length of the 
specimen was discussed.  Given load tolerances which are in line with those 
reported in the literature, a suitable region in which to place a COR was 
identified for sagittal plane rotations. 
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 CHAPTER 6
 
In vitro biomechanical assessment of 
anterior scoliosis instrumentation 
applied to the thoracic spine: 
 
Flexion and Extension 
 
 
 
 
 
 
 
 
In this chapter, the in vitro mechanical testing method developed in 
Chapter five is used to investigate sagittal plane biomechanics of anterior 
scoliosis instrumentation applied within a bovine thorax spine model.  
Specifically, the implant is assessed in terms of its effect on the stiffness of the 
thorax and the redistribution of motion throughout the un-instrumented 
segments of the thoracic spinal column. 
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6.1 METHODS 
 
Three immature bovine thoracic spines with ribcages intact were used to 
perform this study.  Details of the specimens and their preparation are identical 
to those which were described in Chapter five (Section 5.2.3).  Vertebral body 
screws (with staples) were inserted into eight vertebral levels (T5 to T12) 
simulating as closely as possible the thoracoscopic surgical method of insertion.  
The screws were inserted from the right side of the spinal column as the most 
common scoliosis curves have right sided convexities.  Specimens were 
mounted vertically in the robotic testing facility, the most cranial vertebra T1 
embedded in dental resin and attached to the robot tool point, the most caudal 
vertebra T13 also rigidly fixed within a cup of dental resin to the base of the 
robot (See Figure 5-1). 
Each specimen was subjected to fixed COR sagittal plane rotations of 
flexion and extension, applied as two separate tests, each about a grid of CORs.  
Flexion was applied to 16˚ and extension to 12˚, each at a rate of 1.5˚/sec.  Given 
the testing performed in Chapter five, these magnitudes were considered 
suitable to provide for repeated non-destructive testing of the calf thorax in 
both an intact and instrumented condition. 
For this study the COR grids were standardised to span a common 
anatomical region extending from vertebra T8 cranially, to vertebra T10 
caudally.  Each COR grid was located in the mid-sagittal plane and the CORs 
were orientated along five horizontal planes (anterior-posterior).  Three were 
located at the mid-height of vertebral bodies T8, T9 and T10, and two were 
located within the intervertebral discs at T8T9 and T9T10.  The location of the 
first COR at each horizontal level was guided by the general locations of the IAR 
regions reported in Section 5.4, relative to the anterior border of the spinal 
column.  Subsequent increments in COR placement were made according to the 
magnitude of loads registered at the maximum rotation in the previous test. 
The number of CORs tested at each horizontal level and the spacing 
between them was variable.  There were a number of factors to consider 
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including a time constraint.  The aim in placing CORs was not necessarily to land 
a COR in the centre of an ‘IAR region’ at each level (as this proved particularly 
difficult), but rather to ensure CORs were tested that appeared to encompass 
the full width of an ‘IAR region’.  That is, the tolerance limits were reached (or 
rather, exceeded) in both the anterior and posterior directions at each 
horizontal level. 
For each specimen, the COR grid testing protocol just described was 
repeated for each of four testing conditions, all of which are shown in Figure 
6-1.  First, the specimen was tested intact (Figure 6-1a).  Then, discectomies 
were performed on each of the disc levels from T6T7 to T11T12 (Figure 6-1b) 
and the specimen tested again.  The anterior-lateral portion of the discs were 
sliced through on the transverse plane by repeated cuts using a scalpel and 
anulus material was removed.  This was done in order to simulate the intra-
operatively destabilised state of the spinal column to which the implant is then 
attached (Refer to Section 2.3.4.2 for further details of the surgical procedure). 
The third and fourth testing conditions were those which simulated the 
condition of the thorax once instrumented with an anterior single rod implant.  
Two lengths of rod were tested.  The first spanned vertebra T6 to T12 (Figure 
6-1c) and the second extended to include one additional cranial level, spanning 
vertebra T5 to T12 (Figure 6-1d).  As such, an additional discectomy at T5T6 
was performed prior to insertion of the second rod. 
The time required to perform the testing protocol just described was 
significant.  After being defrosted, the time taken from the start of specimen 
preparation to completion of the extension tests on the specimen in the fourth 
testing condition (Rod T5-T12) extended up to 18 hours.  This approaches the 
maximum duration of 20 hours recommended for in vitro stability testing of 
spinal implants, after which the properties of the specimen are said to 
deteriorate at room temperature (Wilke, Jungkunz et al., 1998).  In order to 
assess the condition of the specimen throughout testing, a number of repeat 
tests were performed.  For each of the four testing conditions, flexion was 
always performed first, followed by extension.  At the completion of the 
extension tests (under each condition), one of the first flexion tests was 
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retested.  The specimen stiffness recorded for this test was compared to that 
which was recorded in the initial test. 
  
(a) (b) 
  
(c) (d) 
Figure 6-1: The four successive conditions in which specimens were tested by 
the COR grid testing protocol in flexion and extension; a) intact condition (with 
vertebral body screws attached); b) discectomies performed at six levels 
spanning T6T7 to T11T12; c) instrumented with ASRI from T6 to T12; d) 
instrumented with ASRI from T5 to T12 (with additional discectomy performed 
at T5T6). 
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NOTE: Strain gauges were attached to both of the rods at the length spanning 
the most cranial instrumented segment.  This was to provide data on the load 
within the rod at this critical location during the immediate post-operative 
period when the risk of proximal screw pull-out is greatest.  This data will not 
be presented in this thesis. 
6.1.1 Data analysis 
 
The same method as was presented in Section 5.2.5 was used to analyse the 
mechanical data from this study.  Briefly, this data included for each individual 
test: 
 Moments and forces calculated about the COR at the maximum rotation 
on the third and final cycle of rotation. 
 Spinal stiffness,  , evaluated as the gradient of the primary moment 
curve (    ) about the COR (See Figure 5-7c).  For flexion,   was 
calculated for the rotational interval spanning 12˚ to 16˚.  For extension, 
  was calculated for the rotational interval spanning -8˚ to -12˚.  (See 
Equation 5-4 on page 5-153). 
And then for each mode of testing (i.e. flexion or extension): 
 Interpolations across the COR grid for the magnitude of each force 
(         , moment           , off-axis moment expressed as a 
percentage of the primary moment                     and stiffness,  , 
at the maximum extent of rotation (or rotational interval in the case of 
 ). 
From this data IAR regions were assessed: 
 Identification of a suitable region for COR placement (‘IAR   gi n’) within 
the COR grid whereby the biomechanical response of the specimen to 
rotations about CORs within this region can be assessed.  Evaluation of 
this region was performed using the same load tolerances as were 
proposed in Chapter five (Refer to page 5-147). 
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The result of this testing protocol was therefore (for each specimen) 
interpolations of the biomechanical response of the spine (to rotations in flexion 
and extension) within a common COR grid for each of four successive testing 
conditions. 
A customised program written using MATLAB (version R2010a, MathWorks 
Inc) was then used to compile and process the four sets of interpolated data 
obtained from the four testing conditions.  This entailed: 
 Comparing (for each grid coordinate (y,z)) the stiffness matrices 
obtained from the discectomy, rod1 and rod2 testing protocols in turn 
with the intact stiffness matrix in order to calculate stiffness for each 
successive condition relative to the intact condition.  In this way the 
procedure aligns with recommendations for spinal implant testing that 
results should be normalised to those for the intact specimen to 
minimise the variability in the data. (Wilke, Wenger et al., 1998) 
 Overlaying each of the four IAR regions, and assessing whether a 
common region was found. 
 Assessing the loads and relative stiffness for each dissection level within 
the common IAR region (to whatever extent it existed) 
Data analysis for the repeat tests: 
 Forces, moments and stiffness for the repeat test were calculated as a 
percentage of the corresponding load in the initial test.  The RMS 
average of the % change in stiffness was reported. 
Motion data: 
 Intervertebral rotations about the primary axis of rotation were 
measured (in ˚) for each spinal segment (                 ) at the 
maximum applied rotation during the 3rd cycle of motion.  Refer back 
to Section 5.2.5.2 and Appendix G for further details. 
Another parameter of interest is the effect of the scoliosis implant on the 
stiffness of the portion of the spinal column to which it is attached.  Given that 
data for the motions of individual spinal segments were captured, a measure of 
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the stiffness of a particular spinal region was possible.  This was used to 
calculate the stiffness of the instrumented portion of the spinal column relative 
to the stiffness of those same segments when tested in the intact specimen.  
Unfortunately the motion data did not capture the motion of the most inferiorly 
instrumented segment T11T12 and thus was excluded from the analysis.  The 
calculations were as follows: 
 
          
     
                 
 
 
Equation 6-1 
 
Where        is the total motion which occurred at the labeled segment.  
Equation 6-1 was used to calculate the stiffness for both the intact test            
and the test instrumented with ASRI across levels T6-T12           .  The 
relative stiffness of the region was then defined as follows: 
 
           
          
          
      
 
Equation 6-2 
 
Equation 6-2 was also used to calculate            to measure the increase in 
stiffness across segments T5-T11 between the intact test            and the test 
instrumented with ASRI spanning T5-T12           . 
Stiffness as previously defined by Equation 5-4 consisted of a secant 
stiffness calculated across an interval of rotation spanning the final few degrees 
of motion.  In contrast, the stiffness defined in Equation 6-1 for a specific region 
of spinal column is calculated as a secant stiffness across the entire range of 
motion.  In order to make a direct comparison between a stiffness measured 
across a subset of segments and the stiffness of the entire column, another 
stiffness parameter was defined for use with Equation 6-1 and Equation 6-2, 
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that is the stiffness across segments T1 to T13 calculated as a secant stiffness 
across the entire range of applied motion, shown for flexion in Equation 6-3: 
 
          
     
 6 
 
 
Equation 6-3 
 
Again, the relative increase occurring between the stiffness of the intact 
specimen             and the stiffness of the instrumented specimen            
was also calculated as follows: 
 
           
          
          
      
 
Equation 6-4 
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6.2 RESULTS FOR FLEXION 
 
6.2.1 IAR regions 
 
The IAR regions which were identified for each of the four testing 
conditions have been overlaid onto a two-dimensional plot of the mid-sagittal 
plane COR grid for each of specimens 1, 2 and 3 in Figure 6-2a, Figure 6-2b, and 
Figure 6-3c respectively.  Each IAR region was unique to each testing condition 
and as such are displayed in a different colour (refer to Figure 6-2 caption).  
Where an overlapping region was identified among two or more testing 
conditions, this region is shown shaded in grey.  The black dots indicate the 
coordinates of each COR which was tested during the flexion protocol for that 
particular specimen.  Note that not all CORs were necessarily repeated for every 
one of the four testing conditions. 
For specimen 1 (Figure 6-2a) IAR regions were identified for the intact 
and discectomy conditions only.  The load tolerance which was exceeded across 
the COR grid for both instrumented testing conditions was for the off-axis 
lateral moment    to remain within 10 per cent of the primary moment     
(        ).  In the absence of this load criteria, regions were found where 
each of the remaining loads were within tolerance for both of the instrumented 
testing conditions.  These regions are included as dotted lines in (Figure 6-2a).  
The average magnitude of    as a percentage of    within these regions was 
17.2% (range 11.6 – 21.7%) for testing with the anterior implant attached T6-
T12, and 16.6% (range 10.6 – 23.0%) for testing with it attached T5-T12. 
For specimen 2 (Figure 6-2b), IAR regions were identified within the 
COR grids for each of the four testing conditions, however an overlapping region 
was found among only three of these conditions (Intact, discectomies and Rod 
T6T12).  The load criteria preventing the inclusion of tests performed on the 
specimen instrumented T5-T12 within this overlapping IAR region was a lateral 
shear force      .  The testing performed on specimen 3 was the only testing 
which yielded a region of overlap among the IAR regions identified for all four 
testing conditions (Figure 6-2c). 
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Figure 6-2: Proposed IAR regions shown overlaid onto mid-sagittal plane COR 
grids for FLEXION tests performed on; (a) specimen 1, (b) specimen 2 and; (c) 
specimen 3.  IAR regions are shown for each of the four testing conditions;  
intact (black), discectomies at levels T6T7 – T11T12 (red), ASRI spanning levels 
T6 to T12 (green) and; ASRI spanning levels T5 to T12 (blue).  The overlapping 
IAR region within which the behavior of the specimen under each condition is 
compared is shaded in grey in each figure.  All dimensions are in mm. 
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The biomechanical response of the spinal column to flexion under each 
of the four testing conditions was assessed within the overlapping IAR regions 
which have just been presented and explained for each specimen.  The average, 
standard deviation and range of each load within this region at maximum 
rotation (16˚) are included in table form in Appendix I for each of the three 
specimens tested in each of the four testing conditions. 
 
6.2.2 Stiffness 
 
 
The average spinal stiffness   within the overlapping IAR region for each 
of the testing conditions are presented in Table 6-1 for each specimen.  In the 
first line of the table, the average intact stiffness is given as    in units of Nm/˚.  
For each of the successive conditions, the average stiffness is presented as   , a 
percentage of the intact stiffness (refer to Equation 5-7 on page 5-154).  Where 
stiffness was evaluated within a region where the conditions for an IAR were 
not met, the magnitude of the loads which exceeded tolerance levels are 
indicated in the red boxes below the table.  (Note that the data presented in 
Table 6-1 has been extracted from the tables included in Appendix I) 
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Table 6-1: Average stiffness (± S.D in brackets) within the overlapping IAR 
regions identified for each specimen tested in flexion to 16˚ under four 
successive testing conditions. Intact stiffness is shown as    in Nm/˚ while 
stiffness for each of the remaining conditions is shown as    (% of  intact 
stiffness   ).  Where stiffness was assessed within a region not coinciding with 
the condition’s own IAR region, the magnitude (range) of loads outside 
tolerance are indicated in the red boxes. 
 
 
 
The results reported in Table 6-1 are a measure of the effect of each 
successive surgical intervention on the overall stiffness of the entire thoracic 
spine and ribcage.  In Figure 6-3 the increase in stiffness due to the attachment 
of ASRI is plotted as both an increase in the stiffness of the whole specimen 
           and an increase in stiffness across the instrumented segments only, 
           and            (Refer to Equation 6-1 to Equation 6-4 for details).  
This data is provided for one COR for each of specimen 2 and specimen 3, the 
choice of which is explained in the following section (Section 6.2.3) where the 
intervertebral motions for each of these two CORs are presented.  Note the 
similarity in the values of            in Figure 6-3 and the corresponding values 
of    in Table 6-1, remembering that    is reported for a secant stiffness across 
the motion interval 12˚ - 16˚, and            is reported for a secant stiffness 
across the entire range of motion 0˚ - 16˚. 
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Figure 6-3: The stiffness relative to the intact stiffness for specimens tested in 
flexion instrumented by two lengths of ASRI, the first spanning T6-T12 and the 
second spanning T5-T12.  Two measures of relative stiffness are plotted for 
each test, the stiffness of the entire spinal column             and the stiffness 
across the instrumented segments to T11 only, either             or            
accordingly. 
 
Presented on the following pages are contour plots of    across the COR 
grid for specimens 1 to 3 in Figure 6-4 to Figure 6-6 respectively.  Within each 
figure is shown the    contour plot for each successive testing condition, 
discectomies at T6T7 to T11T12 in plot (a), ASRI spanning T6-T12 in plot (b), 
and spanning T5-T12 in plot (c).  The overlapping IAR region within which 
stiffness was evaluated and reported in Table 6-1 is highlighted in blue. 
These figures demonstrate the full range of relative stiffness increases or 
decreases that are possible to report, given a fixed COR test is performed about 
a COR chosen within the bounds of the COR grids used in this study.  For 
example, depending on the COR location, ASRI spanning T6-T12 was observed 
to increase the overall specimen stiffness in flexion to as little as 160% (Figure 
6-6b) and to as much as 400% (Figure 6-4b) of the stiffness of the intact 
specimen. 
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Figure 6-4: Contour plots of stiffness in FLEXION relative to intact stiffness      
for specimen 1 tested with a) discectomies at T6T7 to T11T12 b) ASRI spanning 
T6 to T12 and c) ASRI spanning T5-T12.  The region within which the 
biomechanics of the specimen under each condition are compared is outlined 
in blue in each plot.  CORs tested for each condition are indicated by the black 
dots. All dimensions are in mm. 
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Figure 6-5: Contour plots of stiffness in FLEXION relative to intact stiffness      
for specimen 2 tested with a) discectomies at T6T7 to T11T12 b) ASRI spanning 
T6 to T12 and c) ASRI spanning T5-T12.  The region within which the 
biomechanics under each condition are compared is outlined in blue in each 
plot. CORs tested for each condition are indicated by the black dots. All 
dimensions are in mm. 
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Figure 6-6: Contour plots of stiffness in FLEXION relative to intact stiffness      
for specimen 3 tested with a) discectomies at T6T7 to T11T12 b) ASRI spanning 
T6 to T12 and c) ASRI spanning T5-T12.  The region within which the 
biomechanics under each condition are compared is outlined in blue in each 
plot. CORs tested for each condition are indicated by the black dots. All 
dimensions are in mm. 
Chapter 6: In vitro experimentation – Flexion and Extension 
____________________________________________________________________________________________ 
6-217 
 
6.2.3 Intervertebral motions 
 
Intervertebral motions were recorded using the motion capture system 
throughout the testing carried out on specimens 2 and 3.  To illustrate the 
nature of the distribution of applied motion along the thoracic spinal column, 
the data from tests about only one COR from each of specimens 2 and 3 will be 
presented here. 
For specimen 2 there were no CORs which were located within the 
overlapping IAR region.  Results are reported within this section for a COR 
located within the T8T9 disc (y-coordinate -27.5 mm in Figure 6-2b).  This COR 
was located within the IAR region for the intact specimen and also for the 
specimen instrumented with ASRI T6-T12.  It lay anterior to the IAR region for 
the discectomy condition and posterior to the IAR region identified for the 
specimen instrumented with ASRI T5-T12. 
For specimen 3 there was a COR within the T9 vertebral body (y-
coordinate -21 mm in Figure 6-2c) located within the overlapping IAR region 
which included all four testing conditions.  In Figure 6-7 is shown a plot of the 
rotations which occurred at each spinal segment for each of the four testing 
conditions (left to right).  Underneath the plot of intervertebral motions is 
included a plot of the primary moment    produced along the length of the 
spinal column at the maximum rotation of 16˚.  These plots are the same as 
those presented in Figure 5-23 to Figure 5-26, the red line representing the 
moment calculated about the COR (     ). 
The sum of the intervertebral motions (presented as a percentage of the 
total applied motion) within various regions of the spinal column are shown in 
Table 6-2.  The spinal column was divided into three regions: 1) the intact 
segments superior to the instrumentation; 2) the instrumented segments 
(superior to T11T12); and 3) the two inferior most segments T11-T13.  In 
addition the rotation carried by the segment immediately adjacent to the cranial 
end of the implant is also shown in italics (T5T6 and T4T5). 
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Figure 6-7: Sagittal plane intervertebral rotations (  ) for each of the four 
testing conditions (left to right) tested in flexion (specimen 3, COR at y=-21mm 
in vertebra T9).  Under each intervertebral rotations plot is the corresponding 
plot of the primary moment   calculated at mid-height along the anterior face 
of each vertebra (with optoelectronic markers attached) along the length of the 
spinal column.  The red line represents the moment calculated about the COR 
(     ). 
 
 
 
 
 
 
 
Chapter 6: In vitro experimentation – Flexion and Extension 
____________________________________________________________________________________________ 
6-219 
 
Table 6-2: Intervertebral rotations of various spinal column regions in flexion, 
expressed as a percentage of the total applied rotation for each testing 
condition performed about a common COR in each specimen. The spinal 
column is divided into three regions; the intact segments superior to the 
instrumentation (either T1T2 - T5T6 or T1T2 - T4T5); the instrumented 
segments (excluding T11T12) and the two most inferior segments ( T11T12 - 
T12T13).  The rotation carried by the segment immediately adjacent to the 
cranial end of the implant is also shown in italics (T5T6 and T4T5). 
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6.2.4 Test repeatability 
 
In total, nine flexion tests were repeated upon completion of the 
extension test protocol for a given specimen condition.  Details of each repeated 
test including the specimen stiffness are presented in Table 6-3.  Note that 
repeatability tests were not performed for every testing condition for each 
specimen.  Stiffness calculated for the initial test is denoted as    and for the 
repeated test as        .  The change in stiffness between tests is presented as a 
percentage of   .  Overall, a mean change in stiffness of 7.2% was observed after 
a time lapse between the initial and repeated test averaging two hours and ten 
minutes.  Similar percentage changes were calculated for    and   in each pair 
of tests and were 2.7% and 11.1% respectively. 
 
Table 6-3: Details of repeated tests performed for CORs tested in flexion. 
Specimen stiffness during the initial test is denoted as   , and for the repeated 
test as        .  The change in stiffness between tests is presented as a 
percentage of   .  The RMS average of the change in stiffness is included in the 
bottom row. 
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6.3 RESULTS FOR EXTENSION 
 
6.3.1 IAR regions 
 
As was done for flexion, the IAR regions which were identified for each of 
the four testing conditions have been overlaid onto a two-dimensional plot of 
the mid-sagittal plane COR grid for each of specimens 1, 2 and 3 in Figure 6-8a, 
Figure 6-8b, and Figure 6-8c respectively.  Each IAR region was unique to each 
testing condition and as such are displayed in a different colour (refer to Figure 
6-8 caption).  Where an overlapping region was identified among two or more 
testing conditions, this region is shown shaded in grey. 
For specimen 1 (Figure 6-8a) only a slither of an IAR region was 
identified for the intact and discectomy conditions and there were no 
overlapping regions observed.  A decision was made to evaluate the 
biomechanics of specimen 1 within the IAR region identified for the specimen 
instrumented with ASRI across levels T5-T12 (highlighted in blue).  This was 
due to the fact that the COR grids used for both instrumented conditions did not 
extend posteriorly to the location of the intact and discectomy IAR regions. 
For specimen 2 (Figure 6-8b) IAR regions were identified within the COR 
grids for each of the four testing conditions and a region of overlap across all 
four conditions was also found.  While an overlap across all four testing 
conditions was also identified for specimen 3 (Figure 6-8c), it was only a slither 
due to the location of the IAR region for the discectomy condition (highlighted 
in red).  Thus a decision was made to evaluate relative stiffness for each testing 
condition within the IAR region overlapping among the intact and instrumented 
conditions, which is the region shaded in grey in Figure 6-8c. 
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Figure 6-8: Proposed IAR regions shown overlaid onto mid-sagittal plane COR 
grids for EXTENSION tests performed on; (a) specimen 1, (b) specimen 2 and; 
(c) specimen 3.  IAR regions are shown for each of the four testing conditions;  
intact (black), discectomies at levels T6T7 – T11T12 (red), ASRI spanning levels 
T6 to T12 (green) and; ASRI spanning levels T5 to T12 (blue).  The overlapping 
IAR region within which the behavior of the specimen under each condition is 
compared is shaded in grey in each figure. 
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6.3.2 Stiffness 
 
The biomechanical responses of each specimen under each of the four 
testing conditions were assessed within the overlapping IAR regions, presented 
and explained in the previous section.  The average stiffness within these 
regions for each of the testing conditions are presented in Table 6-4 for each 
specimen.  In the first line of the table, the average intact stiffness is given as    
in units of Nm.  For each of the successive conditions, the average stiffness is 
presented as   , a percentage of the intact stiffness (refer to Equation 5-7 on 
page 5-154).  Tables in which the average, standard deviation and range of each 
load evaluated within the chosen region at maximum rotation are included in 
Appendix I for each of the three specimens tested in each of the four conditions. 
 
Table 6-4: Average stiffness (± S.D in brackets) within the overlapping IAR 
regions identified for each specimen tested in extension to -12˚ under four 
successive testing conditions. Intact stiffness is shown as    in Nm while 
stiffness for each of the remaining conditions is shown as    (% of  intact 
stiffness   ).  Where stiffness was assessed within a region not coinciding with 
the condition’s own IAR region, the magnitude (range) of loads outside 
tolerance are indicated. 
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Figure 6-9: The stiffness relative to the intact stiffness for specimens tested in 
extension instrumented by two lengths of ASRI, the first spanning T6-T12 and 
the second spanning T5-T12.  Two measures of relative stiffness are plotted for 
each test, the stiffness of the entire spinal column             and the stiffness 
across the instrumented segments to T11 only, either             or            
accordingly. 
 
 
Presented on the following pages are contour plots of    across the COR 
grid for specimens 1 to 3 in  Figure 6-10 to Figure 6-12 respectively. Within 
each figure is shown the    contour plot for each successive testing condition, 
discectomies at T6T7 to T11T12 in plot (a), ASRI spanning T6-T12 in plot (b), 
and spanning T5-T12 in plot (c).  The overlapping IAR region within which 
stiffness was evaluated and reported in Table 6-4 is highlighted in blue. 
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Figure 6-10: Contour plots of stiffness in EXTENSION relative to intact stiffness 
     for specimen 1 tested with a) discectomies at T6T7 to T11T12 b) ASRI 
spanning T6 to T12 and c) ASRI spanning T5-T12.  The region within which the 
biomechanics under each condition are compared is outlined in blue in each 
plot. 
 
Chapter 6: In vitro experimentation – Flexion and Extension 
____________________________________________________________________________________________ 
6-226 
 
(c
) 
 
(b
) 
 
(a
) 
 
Figure 6-11: Contour plots of stiffness in EXTENSION relative to intact stiffness 
     for specimen 2 tested with a) discectomies at T6T7 to T11T12 b) ASRI 
spanning T6 to T12 and c) ASRI spanning T5-T12.  The region within which the 
biomechanics under each condition are compared is outlined in blue in each 
plot. 
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Figure 6-12: Contour plots of stiffness in EXTENSION relative to intact stiffness 
     for specimen 3 tested with a) discectomies at T6T7 to T11T12 b) ASRI 
spanning T6 to T12 and c) ASRI spanning T5-T12.  The region within which the 
biomechanics under each condition are compared is outlined in blue in each 
plot. 
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6.3.3 Intervertebral motion 
 
There were a number of CORs which lay within the overlapping IAR 
region for the extension testing performed on specimen 2.  In Figure 6-13 is 
shown the intervertebral rotations which occurred during the tests performed 
about a COR located within the T8T9 intervertebral disc (y-coordinate -16 mm in 
Figure 6-8b) along with the sagittal plane moments    produced along the 
length of the spinal column at maximum extension rotation of -12˚.  Similarly, 
there was also a COR located within the T8T9 disc (y-coordinate -10 mm in 
Figure 6-8c) which fell within the overlapping IAR region during extension 
testing performed on specimen 3.  The sum of the intervertebral motions 
(presented as a percentage of the total applied motion) which occurred within 
the various spinal regions for the tests performed about each of these CORs are 
reported in Table 6-5. 
Table 6-5: Intervertebral rotations in extension, expressed as a percentage of 
the total applied rotation for each testing condition performed about a 
common COR. The spinal column is divided into three regions; intact segments 
superior to the instrumentation (either T1-T6 or T1-T5); instrumented 
segments (excluding T11T12) and; the two most inferior segments ( T11-T13).  
The rotation carried by the segment immediately adjacent to the cranial end of 
the implant is also shown in italics (T5T6 and T4T5). 
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Figure 6-13: Sagittal plane intervertebral rotations (  ) for each of the four 
testing conditions (left to right) tested in extension (specimen 2, COR at  
y=-16mm in disc T8T9).  Under each intervertebral rotations plot is the 
corresponding plot of the primary moment   calculated at mid-height along 
the anterior face of each vertebra (with optoelectronic markers attached) 
along the length of the spinal column.  The red line represents the moment 
calculated about the COR (     ). 
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6.4 DISCUSSION 
 
The aim of this study was to compare the biomechanics in flexion and 
extension of the bovine thorax subjected to three levels of surgical intervention 
(discectomies and two lengths of anterior instrumentation).  This required four 
levels of testing, one for the intact specimen, and one for each successive 
surgical alteration.  Using the concept of an ‘IAR region’ introduced in Chapter 
five, the results presented in the current chapter show that the likelihood of 
identifying a common IAR region for fixed-COR tests (under the current 
constraints) declines with the number of successive conditions to be tested.   
Given that one of the stated advantages of displacement-controlled 
testing is the ability to report on the behaviour of the spinal column subjected to 
the same repeated motions, the desire was to compare the biomechanics of the 
intact and instrumented thorax about the same COR (or rather, the average 
stiffness calculated over a common IAR region).  The fact is that IAR regions 
were found unique to both the specimen and the testing condition of the spine.  
The implication of this is that biomechanical comparisons made between  
displacement-controlled tests performed about a common COR may be 
accompanied by constraining loads (in one or more of the successive 
conditions) and the magnitudes of these should be reported. 
An alternative approach for analysing the data produced from the COR 
grid test protocol is to report the stiffness response for each successive testing 
condition from within the IAR region particular to each condition.  Rather than 
invalidating the testing methodology, comparisons of this kind may be useful for 
demonstrating how an implant changes the kinematics of the spine.  That is, 
how the IAR for a particular spinal motion is displaced from its natural location, 
and in addition a contour plot describing the stiffness implications for motions 
about all CORs in-between.  By mapping changes in IAR location, the COR-grid 
testing approach may serve to complement a moment-based control method 
where each specimen is tested about its unique IAR by applying a force path 
with least constraining loads. 
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The effect of the discectomies performed at each of the levels to be 
instrumented (T6-T12) was to reduce the overall stiffness of the bovine thoracic 
spinal column by approximately 20% in flexion.  A similar reduction was also 
observed in extension for specimens 1 and 3, however for specimen 2 no change 
in stiffness was observed between the intact and discectomy condition.  This is 
interesting considering that specimen 2 was the only spine in extension where 
biomechanical assessment was performed within the IAR region identified for 
the discectomy condition.  In an in vitro study examining the effects of 
transthoracic micro-discectomy, Broc et al., (1997) found that extension was the 
only motion for which discectomy did not increase the flexibility of the motion 
segments. 
While decreasing the overall stiffness of the specimen, discectomies did 
not have any discernable effect on the distribution of motion among the spinal 
segments.  This expands on the finding by Feiertag et al., (1995) that discectomy 
performed at a single segment (T8T9) had little impact on the range of motion 
of the thoracic column (measured between T2 and T10).  It should be noted 
here that clinically the disc spaces are packed with bone graft material which 
was not simulated in these experiments and may serve to stiffen those levels. 
Anterior instrumentation had a greater effect on increasing the overall 
stiffness of the thorax in flexion than it did in extension.  However, when the 
effect on the localised stiffness across only the instrumented segments is 
considered, the impact of the rod is more comparable between flexion and 
extension.  Human thoracic motion segments are known to be stiffer in 
extension than in flexion (Panjabi et al., 1976).  It is expected that the posterior 
complex, including the zygopophysial joints are major contributors in 
determining the extension stiffness of the thoracic spine, and as these tests were 
designed to include a number of un-instrumented segments cranial to the 
implant, this may have an impact.  The ability to be able to provide a measure of 
stiffness for both the thorax as a whole and for smaller sections of the column is 
a useful outcome which has been afforded by use of the displacement-controlled 
testing method and the length of the specimen. 
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In particular, there are two stiffness results that are worth discussing 
from Tables 6-1 and 6-4 in relation to the characteristics of the fixed-COR 
testing method.  Firstly for flexion, greater increases in stiffness due to the 
attachment of anterior instrumentation were observed for specimen 1 when 
compared to the other 2 specimens.  For specimen 1, the biomechanical 
response for each of the two instrumented conditions was evaluated within a 
region of CORs where secondary loads were in excess of the chosen tolerances.  
It is tempting to speculate from this result that the effect of secondary 
‘constraining’ loads during in vitro testing may be to raise the relative increase 
in stiffness reported due to a fusion implant. 
 In a similar vain, the results for specimen 1 in extension (Table 6-4) may 
provide a good example of how testing about a COR which is not within a 
specimen’s preferred IAR region can affect conclusions drawn about the relative 
influence of a surgical intervention.  The region where the biomechanics were 
assessed for specimen 1 produced large compressive Z forces (relatively) in the 
intact and discectomy conditions than in the instrumented conditions (refer to 
tables in Appendix I for values of   ).  This means that there was a stiffer 
response of the intact specimen to which the biomechanics of the implant were 
then compared.  This may then manifest as an apparent lack of increased 
stiffness due to the implant, purely attributable to the loading conditions. 
An important result from this testing is the redistribution of motion 
among the spinal segments with each successive testing condition.  The key 
finding from this study was that the redistribution due to the addition of the 
anterior rod was heavily skewed towards both the immediately adjacent 
superior and (especially) inferior un-instrumented segments.  The implication 
of this finding is that segments immediately adjacent to scoliosis 
instrumentation may be at risk of increased loads and higher rates of 
degeneration.  It should be noted however, that the most inferior segment 
T12T13 is not rigidly connected to the sternum (as are the segments cranial to 
the rod) and therefore is expected to be more flexible than other segments.  It is 
uncertain as to how well this result compares to an in vivo situation where the 
motions of the lumbar spine also contribute. 
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The changes in stiffness that were reported for the repeatability testing 
in Table 6-3 give an indication of the fluctuation in specimen response which 
can be expected over the time required to complete the testing protocol.  These 
changes are likely due to a combined effect of both residual robot displacements 
(after position reset) and specimen exposure to a room temperature 
environment.  If these fluctuations in stiffness are considered as a measure of 
noise or sensitivity of the system, then it can be said that percentage changes in 
stiffness measured after a surgical intervention that are within 7.2% of the prior 
condition stiffness cannot be resolved as a reliable effect of the intervention.  
The reported stiffness changes due to each of the surgical interventions in 
flexion were above the average 7.2% change observed between repeated flexion 
tests. 
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 CHAPTER 7
 
In vitro biomechanical assessment of 
anterior scoliosis instrumentation 
applied to the thoracic spine: 
 
Lateral bending 
 
 
This chapter seeks to extend the in vitro mechanical testing protocol 
used in Chapter six to investigate frontal plane biomechanics of ASRI applied 
within the bovine thorax spine model.  Given that ASRI is applied to the lateral 
aspect of the vertebral column, the effect of the implant on the thorax during 
lateral bending is of particular interest, especially since lateral pull-out of the 
most proximal vertebral body screw is a significant biomechanical failure mode 
of the implant.  As in Chapter six, the implant is assessed in terms of its effect on 
the stiffness of the thorax and the redistribution of motion throughout the un-
instrumented segments of the thoracic spinal column. 
Biomechanically, lateral bending is very different from flexion and 
extension.  It has been well documented that lateral bending of a spinal motion 
segment is accompanied by coupled motion in the transverse plane.  Therefore, 
in vitro simulation of lateral bending by fixed-COR displacement controlled 
testing is likely to produce constrained motion and substantial off-axis 
moments.  It is unknown how appropriate a fixed-COR displacement controlled 
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testing protocol is for simulating lateral bending in a multi-segment spine 
specimen.  The results presented in this chapter help to clarify this.  The COR 
grid testing protocol is applied to establish whether an ‘IAR region’ (as defined 
throughout chapters five and six) can be identified.  The magnitude of 
secondary loads and the characteristics of intervertebral motion are 
documented. 
7.1 METHODS 
 
The methods used in this study were identical to those described in detail 
for the flexion and extension testing in Section 6.1.  Three bovine thorax 
specimens were subjected to left and right lateral bending under four sequential 
testing conditions: 
1. Intact (with anterior vertebral body screws inserted T5-T12) 
2. Discectomies performed at levels T6T7 to T11T12 
3. ASRI attached, spanning vertebral levels T6 to T12 
4. ASRI attached, spanning vertebral levels T5 to T12 (with additional 
discectomy performed at T5T6) 
Left and right lateral bending were applied as two separate tests, each 
about a grid of CORs.  The specimens were fixed to the robot in the same 
orientation as they were for flexion/extension testing (refer to Figure 5-1).  Left 
lateral bending was applied as a positive rotation about the y-axis to 14˚, while 
right lateral bending was applied as a negative rotation about the y-axis to -14˚, 
each at a rate of 1.5˚/sec.  Three cycles of motion were performed and the data 
analysed from the 3rd rotation cycle. 
COR grids were standardised to span a common anatomical region 
extending from intervertebral disc T6T7 cranially, to vertebra T10 caudally.  
Each COR grid was located in the frontal plane and the CORs were orientated 
along eight horizontal planes (left to right).  Four were located at the mid-height 
of vertebral bodies T7, T8, T9 and T10, and four were located within the 
intervertebral discs at T6T7, T7T8, T8T9 and T9T10.  The location of the first 
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COR was arbitrarily placed at the intersection with the mid-sagittal plane at 
level T10.  Subsequent increments in COR placement were made according to 
the magnitude of loads registered at the maximum rotation in the previous test. 
 
7.2 LEFT LATERAL BENDING 
 
7.2.1 IAR regions 
 
The same load tolerances that were used to identify a suitable ‘IAR 
region’ during flexion and extension in Chapter six were applied to the 
biomechanical data interpolated across the frontal plane COR grids tested in 
lateral bending (recall that this data consists of interpolations of the magnitudes 
of all six loads                    recorded at the maximum extent of the 
applied rotation for each of the CORs tested in the grid).  Of the three specimens 
which were tested, an overlapping IAR region (across all four testing 
conditions) was identified under these criteria for specimen 4 only.  For 
specimens 5 and 6, not only was an overlapping IAR region not found, but for 
many of the testing conditions, no IAR region was found at all under the 
proposed biomechanical criteria.  The loads which were exceeding tolerance 
across the entire COR grids were consistently the off-axis moments    and    
being greater than 10 per cent of the moment generated about the primary axis 
of rotation  . 
In response to this result, the load tolerances placed on    and   were 
increased to allow off-axis moments up to ±20% of   .  This relaxed criteria 
was still not sufficient to identify overlapping IAR regions throughout the four 
testing conditions.  Therefore, the load tolerances were further increased to 
allow off-axis moments up to ±30% of    (or to within ±0.1Nm), at which level 
a region of overlap among the IAR regions identified for each testing condition 
was found for all three specimens.  The IAR regions identified under this revised 
load criteria are shown overlaid onto a two-dimensional plot of the frontal 
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plane COR grid for each of specimens 4, 5 and 6 in Figure 7-1a, Figure 7-1b, and 
Figure 7-1c respectively.  The overlapping IAR region is shown shaded in grey.  
Note that for clarity the scale used for the X-axis is twice that used for the Z-axis. 
Each IAR region was located approximately 5-10mm to the left of the 
mid-sagittal plane.  Among all three specimens the overlapping IAR regions did 
not extend inferiorly beyond the T8T9 intervertebral disc.  The average, 
standard deviation and range of each load within the overlapping IAR region is 
included in table form in Appendix J for each of the three specimens tested in 
each of the four testing conditions. 
Both axial (  ) and sagittal (  ) plane moments were observed.  The 
axial moment was consistently directed to the left (   ), while the sagittal 
moment was consistently directed towards extension (   ). 
As was observed for flexion and extension, there was a continuity in each 
of the loads throughout the COR grid in the cranial-caudal direction along with a 
clear increasing/decreasing trend left to right.  The left boundary of the 
proposed IAR regions were consistently determined by the Fz < 0 N contour 
line, the compressive axial force increasing toward the right border of the COR 
grid.  While the off-axis moments were dominant in determining the right 
boundary of the IAR regions, shear forces tended to increase toward the right, 
sagittal shear forces directed posteriorly (   ) and frontal plane shear forces 
directed to the right (   ). 
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Figure 7-1: Proposed IAR regions shown overlaid onto frontal plane COR grids 
for LEFT LATERAL BENDING tests performed on; (a) specimen 4, (b) specimen 5 
and; (c) specimen 6.  IAR regions are shown for each of the four testing 
conditions;  intact (black), discectomies at levels T6T7 – T11T12 (red), ASRI 
spanning levels T6 to T12 (green) and; ASRI spanning levels T5 to T12 (blue).  
The overlapping IAR region within which the behavior of the specimen under 
each condition is compared is shaded in grey in each figure.  For reference, the 
mid-sagittal plane was located at X-coordinate 59 mm for specimens 4 and 6 
and at 56 mm for specimen 5. [Note that the X-axis is scaled 4:1 while the Z-axis 
is scaled 2:1] 
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7.2.2 Stiffness 
 
The average spinal stiffness   within the overlapping IAR region for each 
of the testing conditions are presented in Table 7-1 for each specimen.  In the 
first line of the table, the average intact stiffness is given as             in units of 
Nm/˚ (Refer to Equation 5-4).  For each of the successive conditions, the average 
stiffness is presented as   , a percentage of the intact stiffness (refer to 
Equation 5-7 on page 5-154).  The values reported in Table 7-1 are a measure of 
the effect of each successive surgical intervention on the overall stiffness of the 
entire thoracic spine and ribcage in left lateral bending.  The additional stiffness 
imparted to the column by the instrumentation of segment T5T6 was in the 
order of 15-40% for specimens 5 and 6, but had a much larger effect in 
specimen 4. 
 
Table 7-1: Average stiffness (± S.D in brackets) within the overlapping IAR 
regions identified for each specimen tested in left lateral bending to 14˚ under 
four successive testing conditions. Intact stiffness is shown as    in Nm/˚ while 
stiffness for each of the remaining conditions is shown as    (% of  intact 
stiffness   ). 
 
 
 
To illustrate the variation in    with COR position, contour plots of    
across the COR grid for specimen 5 are shown in Figure 7-2  for each successive 
testing condition, discectomies at T6T7 to T11T12 in plot (a), ASRI spanning T6-
T12 in plot (b), and spanning T5-T12 in plot (c).  The overlapping IAR region 
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within which the average    has been reported in Table 7-1 is highlighted in 
blue.  The contour plots show that the relative increase in stiffness of the thorax 
which is reported in left lateral bending due to attachment of the scoliosis rod 
will increase as the placement of the COR becomes more inferior and further to 
the left in the grid. 
 
(c
) 
 
(b
) 
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) 
 
Figure 7-2: Contour plots of stiffness in left lateral bending relative to intact 
stiffness      for specimen 5 tested with a) discectomies at T6T7 to T11T12 b) 
ASRI spanning T6 - T12 and c) ASRI spanning T5-T12.  The region within which 
the biomechanics under each condition are compared is outlined in blue in 
each plot. CORs tested for each condition are indicated by the black dots. All 
dimensions are in mm. 
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7.2.3 Intervertebral motion 
 
An example of the intervertebral rotations measured at the full extent of 
left lateral bending, performed about a common COR for each of the four testing 
conditions (left to right) is shown in Figure 7-3.  In addition, underneath each 
plot of intervertebral motions is included the corresponding plot of the primary 
moment    produced along the length of the spinal column at the maximum 
rotation of 14˚.  The result shown in Figure 7-3 is for tests performed on 
specimen 4 about a COR located within the T8 vertebral body (x-coordinate 65 
mm in Figure 7-1a).  This COR was within the IAR region for the instrumented 
testing condition with ASRI attached T6-T12, and just to the right of the IAR 
regions for the remaining three testing conditions (i.e. the axial force    was 
compressive at maximum rotation in each of these tests). 
Intervertebral motions were assessed throughout the testing protocol 
performed on each of the three specimens.  In Table 7-2 the (sum of) rotations 
which occurred within various regions of the spinal column are presented as a 
percentage of the total applied rotation.  The spinal column was divided into 
three regions: 1) the intact segments superior to the instrumentation; 2) the 
instrumented segments superior to T11T12; and 3) the two inferior most 
segments T11-T13.  Results are shown for one COR in each specimen, the COR 
for specimen 4 the same for which the rotations are shown graphically in Figure 
7-3. 
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Figure 7-3: Frontal plane intervertebral rotations (  ) for each of the four 
testing conditions (left to right) tested in left lateral bending (specimen 4, COR 
at x=65mm in vertebra T8).  Under each intervertebral rotations plot is the 
corresponding plot of the primary moment   calculated at mid-height along 
the anterior face of each vertebra (with optoelectronic markers attached) 
along the length of the spinal column.  The red line represents the moment 
calculated about the COR (     ). 
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Table 7-2: Intervertebral rotations of various spinal column regions in left 
lateral bending, expressed as a percentage of the total applied rotation for each 
testing condition performed about a common COR in each specimen. The spinal 
column is divided into three regions; the intact segments superior to the 
instrumentation (either T1T2 - T5T6 or T1T2 - T4T5); the instrumented 
segments (excluding T11T12) and the two most inferior segments ( T11T12 - 
T12T13).  The rotation carried by the segment immediately adjacent to the 
cranial end of the implant is also shown in italics (T5T6 and T4T5). 
 
Note that the motion which occurred at the most inferior instrumented 
segment T11T12 cannot be extracted from the data.  However, it is probable 
(given the reduction in motion which occurred across the other instrumented 
segments) that T12T13 accounted for the majority of the rotation reported for 
T11-T13 under the two instrumented testing conditions.  What isn’t possible to 
elucidate from Table 7-2 is the increase in rotation which occurred at the most 
inferior segment T12T13 between the intact and instrumented tests. 
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7.3 RIGHT LATERAL BENDING 
 
7.3.1 IAR regions 
 
IAR regions were assessed for right lateral bending under the same load 
criteria as was applied in left lateral bending (off-axis moments allowed up to 
±30% of   ).  The IAR regions identified under this revised load criteria are 
shown overlaid onto two-dimensional plots of the frontal plane COR grids for 
each of specimens 4, 5 and 6 in Figure 7-4a, Figure 7-4b, and Figure 7-4c 
respectively.  The overlapping IAR region is shown shaded in grey.  Note that for 
clarity the scale used for the X-axis is twice that used for the Z-axis.  Each IAR 
region was located within 10 mm to the right of the mid-sagittal plane, the 
tendency to move closer toward the mid-sagittal plane as the IAR region 
extends inferiorly. 
For specimen 4 (Figure 7-4a), a region of overlap among the IAR regions 
for all four testing conditions was found.  This was not the case for the 
remaining two specimens.  For specimen 5 (Figure 7-4b) the IAR region for the 
ASRI T5-T12 condition did not overlap with the IAR regions for all other 
conditions.  The load criteria exceeded within the overlapping region identified 
among the other three testing conditions (shaded in grey) was an extension 
moment (   ) greater than 30% of    and a posteriorly directed shear force 
greater than 5 N.  For specimen 6, the IAR regions for both of the instrumented 
testing conditions were located approximately 2 mm to the right of the intact 
and discectomy IAR regions.  In this case tests performed on the instrumented 
specimen about CORs located within the overlapping IAR region identified 
between the intact and discectomy specimen (located in grey in Figure 7-4c) 
induced posteriorly directed shear forces in the sagittal plane (   ), while off-
axis moments remained less than 30% of  . 
The average, standard deviation and range of each load within the 
overlapping IAR region is included in table form in Appendix J for each of the 
three specimens tested in each of the four testing conditions.  Both axial (  ) 
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and sagittal (  ) plane moments were observed.  The axial moment was 
consistently directed to the right (   ), consistent with the direction of lateral 
bending.  The sagittal moment was consistently directed towards extension 
(   ) as was the case in left lateral bending, however generally it only became 
significant during the tests on the instrumented specimens. 
The load constraints which determined the left and right boundaries of 
the proposed IAR regions were in direct contrast to those found in left lateral 
bending.  The right boundary of the proposed IAR regions were consistently 
determined by the Fz < 0 N contour line, the compressive axial force increasing 
toward the left border of the COR grid.  While the off-axis moments were 
dominant in determining the left boundary of the IAR regions, shear forces 
tended to increase toward the left, sagittal shear forces directed posteriorly 
(   ) and frontal plane shear forces directed to the left (   ). 
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Figure 7-4: Proposed IAR regions shown overlaid onto frontal plane COR grids 
for RIGHT LATERAL BENDING tests performed on; (a) specimen 4, (b) specimen 
5 and; (c) specimen 6.  IAR regions are shown for each of the four testing 
conditions;  intact (black), discectomies at levels T6T7 – T11T12 (red), ASRI 
spanning levels T6 to T12 (green) and; ASRI spanning levels T5 to T12 (blue).  
The overlapping IAR region within which the behavior of the specimen under 
each condition is compared is shaded in grey in each figure.  For reference, the 
mid-sagittal plane was located at X-coordinate 59 mm for specimens 4 and 6 
and at 56 mm for specimen 5. All dimensions are in mm [Note that the X-axis is 
scaled 4:1 while the Z-axis is scaled 2:1] 
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7.3.2 Stiffness 
 
The average spinal stiffness   within the overlapping IAR region for each 
of the testing conditions are presented in Table 7-3 for each specimen.  In the 
first line of the table, the average intact stiffness is given as                in units 
of Nm/˚ (Refer to Equation 5-4).  For each of the successive conditions, the 
average stiffness is presented as   , a percentage of the intact stiffness (refer to 
Equation 5-7 on page 5-154).  Where stiffness was evaluated within a region 
where the conditions for an IAR were not met, the magnitude of the loads which 
exceeded tolerance levels are indicated in the coloured boxes below the table.  
The values reported in Table 7-3 are a measure of the effect of each successive 
surgical intervention on the overall stiffness of the entire thoracic spine and 
ribcage in right lateral bending. 
 
Table 7-3: Average stiffness (± S.D in brackets) within the overlapping IAR 
regions identified for each specimen tested in RIGHT lateral bending to -14˚ 
under four successive testing conditions. Intact stiffness is shown as    in Nm/˚ 
while stiffness for each of the remaining conditions is shown as    (% of  intact 
stiffness   ).  Where stiffness was assessed within a region not coinciding with 
the condition’s own IAR region, the magnitude (range) of loads outside 
tolerance are indicated in the boxes below the table. 
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To illustrate the variation in    with COR position, contour plots of    
across the COR grid for specimen 4 are shown in Figure 7-5 for each successive 
testing condition, discectomies at T6T7 to T11T12 in plot (a), ASRI spanning T6-
T12 in plot (b), and spanning T5-T12 in plot (c).  The overlapping IAR region 
within which the average    has been reported in Table 7-3 is highlighted in 
blue.  The contour plots show that the relative increase in stiffness of the thorax 
which is reported in right lateral bending due to attachment of the scoliosis rod 
will increase as the placement of the COR becomes more inferior and further to 
the right in the grid.  This pattern was consistent across the three specimens 
tested. 
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(c
) 
 
(b
) 
 
(a
) 
Figure 7-5: Contour plots of stiffness in right lateral bending relative to intact 
stiffness      for specimen 4 tested with a) discectomies at T6T7 to T11T12 b) 
ASRI spanning T6 to T12 and c) ASRI spanning T5-T12.  The region within 
which the biomechanics under each condition are compared is outlined in blue 
in each plot. CORs tested for each condition are indicated by the black dots. All 
dimensions are in mm. 
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7.3.3 Intervertebral motion 
 
An example of the intervertebral rotations measured at the full extent of 
left lateral bending, performed about a common COR for each of the four testing 
conditions (left to right) is shown in Figure 7-6.  In addition, underneath each 
plot of intervertebral motions is included the corresponding plot of the primary 
moment    produced along the length of the spinal column at the maximum 
rotation of -14˚.  The result shown in Figure 7-6 is for tests performed on 
specimen 5 about a COR located within the T8T9 intervertebral disc (x-
coordinate 53 mm in Figure 7-4b).  This COR was within the IAR region for both 
the intact and ASRI T6-T12 testing conditions and just to the left of the IAR 
regions for the other two testing conditions (i.e. the axial force    was 
compressive in each of these tests). 
Intervertebral motions were assessed throughout the testing protocol 
performed on each of the three specimens.  In Table 7-4 the (sum of) rotations 
which occurred within various regions of the spinal column are presented as a 
percentage of the total applied rotation.  The spinal column was divided into 
three regions: 1) the intact segments superior to the instrumentation; 2) the 
instrumented segments superior to T11T12; and 3) the two inferior most 
segments T11-T13.  Results are shown for one COR in each specimen, the COR 
for specimen 5, the same for which results are shown graphically in Figure 7-6.  
Note that for this specimen, the digitised anatomical points for the four most 
superior vertebrae were not available.  
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Figure 7-6: Frontal plane intervertebral rotations (  ) for each of the four 
testing conditions (left to right) tested in right lateral bending (specimen 5, 
COR at x=53 mm in disc T8T9).  Under each intervertebral rotations plot is the 
corresponding plot of the primary moment   calculated at mid-height along 
the anterior face of vertebra T5 to T11 (digitized anatomy of T1 to T4 was not 
available).  The red line represents the moment calculated about the COR 
(     ). 
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Table 7-4: Intervertebral rotations of various spinal column regions in right 
lateral bending, expressed as a percentage of the total applied rotation for each 
testing condition performed about a common COR in each specimen. The spinal 
column is divided into three regions; the intact segments superior to the 
instrumentation (either T1T2 - T5T6 or T1T2 - T4T5); the instrumented 
segments (excluding T11T12) and the two most inferior segments ( T11T12 - 
T12T13).  The rotation carried by the segment immediately adjacent to the 
cranial end of the implant is also shown in italics (T5T6 and T4T5). 
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7.4 DISCUSSION 
 
The aim of this study was to compare the biomechanics in left and right 
lateral bending of the bovine thorax subjected to three levels of surgical 
intervention (discectomies and two lengths of anterior instrumentation).  The 
design of this study was exactly the same as that for the sagittal plane testing 
presented in Chapter 6. 
The constraining loads associated with fixed-COR displacement controlled 
testing on an entire thoracic spine and ribcage were far greater in lateral 
bending than they were for flexion and extension.  To identify an IAR region, the 
load criteria had to be relaxed to allow off-axis moments up to 30% of the 
primary moment.  Under this criteria, proposed IAR regions were consistently 
found close to the COR grid intersection with the mid-sagittal plane.  For left 
lateral bending, the IAR region was to the left of the mid-sagittal plane, and for 
right lateral bending the IAR region was to the right of the mid-sagittal plane.  
As was the case for flexion and extension, the biomechanics of the specimens 
were very sensitive to changes in the COR location, the IAR regions only 
millimetres in width. 
The effect of discectomies performed at levels T6T7 through to T11T12 on 
the stiffness of the thorax was markedly different between left and right lateral 
bending.  For left lateral bending, the effect of the discectomies was to decrease 
stiffness by approximately 20%, which is similar to the effect observed in 
flexion.  In right lateral bending, the reduction in stiffness was minimal (within 
10%).  This is interesting as the discectomies were performed from the right 
side of the disc (the side which the rod was attached) and the anulus portion 
around the left lateral rim was preserved (as is done in surgery to help contain 
the bone fusion material).  This suggests that the prominent load which was 
carried by these discs during the lateral bending tests was tension in the anulus 
on the side opposite to the direction of bending.  Discectomies at levels T6T7 to 
T11T12 had little effect on the distribution of motion along the length of the 
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column.  This is consistent with previous findings for the effect of a discectomy 
at a single segment within the thoracic spine and rib cage (Feiertag et al., 1995). 
The anterior scoliosis rod had a far larger effect on increasing the overall 
stiffness of the spinal column in right lateral bending (where it was loaded in 
compression) compared with left lateral bending.  The effect of increasing the 
length of the rod to span one more motion segment was always to increase the 
stiffness of the column (when evaluated within the proposed IAR regions).  The 
scoliosis rod had a much more significant effect on increasing the stiffness 
across the instrumented segments than it did in flexion and extension (compare 
bar graphs in chapter 7 with those in chapter 6 for magnitudes). 
In both left and right lateral bending the addition of the rod reduced the 
accumulative motion across the instrumented segments (excluding T11T12 
which could not be discerned) to within 10% of the total applied motion.  Prior 
to instrumentation, motion of these segments commonly accounted for over half 
of the total applied rotation.  The majority of the motion was redistributed 
among the immediately adjacent cranial and caudal segments during the 
instrumented tests.  It is probable that these segments are more flexible than 
the superior most segments (T1,T2,T3).  The additional loads placed on the 
segments adjacent to the scoliosis implant have important implications when 
considering the post-operative maintenance of curve correction as well as the 
risk of degeneration at these levels with sustained motion in excess of the 
normal range experienced in the intact spine. 
What these experiments have shown is that there is a consistent pattern in 
the constraining off-axis loads present during fixed-COR lateral bending applied 
to multi-segmental spine specimens.  The direction of the off-axis moments are 
indicative of the tendency for coupled motions of the thoracic spine in lateral 
bending (refer to Section 2.2.2).  For the bovine thorax specimens used in this 
study, the tendency was for the spinal column to want to rotate about the Z-axis 
(axial rotation) in the same direction as the applied lateral bending.  It is 
important to note that there is a difference in the way in which displacement 
constraints during in vitro testing effect multi-segment specimens as opposed to 
single motion segments.  In this study design, all off-axis rotations were 
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constrained to zero for vertebra T1 and T13 however, the intervening segments 
were subjected to less constraint and coupled axial rotations (within a few 
degrees) were observed among intermediate segments along the length of the 
spinal column during lateral bending. 
The spinal column was not loaded uniformly during testing of the 
instrumented specimens (refer to Figure 7-3 and Figure 7-6), a clear decrease in 
the primary moment acting on each vertebra toward the cranial end of the 
column.  For the testing performed on the intact and discectomy conditions 
however, the variation in primary moment along the length of the column was 
minimal, all moments close to those which were registered about the COR. 
Investigating changes which occur in the biomechanical response of the 
spine in lateral bending due to anterior scoliosis instrumentation is clinically 
important.  It is in the frontal plane that the most pronounced surgical 
reductions in scoliosis deformity are achieved.  Unlike posterior 
instrumentation, anterior implants introduce a structural change which is 
asymmetrical in the frontal plane.  This study has shown that this asymmetry 
extends to the stiffness response of the spine also. 
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 CHAPTER 8
 
Conclusions and recommendations 
 
 
 
  
 
 
 
 
The treatment of scoliosis remains a significant orthopaedic challenge.  
The complexity and unpredictable nature of this deformity makes surgical 
planning difficult.  Deformity correction relies on the application of forces.  
While implant design determines the type of forces applied, the choice of 
implant is only one factor affecting the surgical outcome.  The surgeon must also 
determine the levels of the spine to which the instrumentation is applied, as 
well as the magnitude of the forces applied. 
 Despite various improvements in design, materials and surgical 
techniques, the current rate of implant-related complications indicates that 
there is still much to learn about the factors which contribute to an optimal 
implant configuration and deformity correction.  There remains some 
uncertainty among surgeons as to the indications for the use of one implant 
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over another.  Clinical research papers assessing retrospective surgical 
outcomes will continue to inform and improve surgical choices.  However, 
scoliosis correction is primarily a mechanical intervention and therefore an 
improved biomechanical understanding of the surgical correction and 
subsequent interaction between reconstructed scoliotic spine and implant are 
certainly required for the continued improvement of surgical outcomes for AIS 
patients. 
 The overall aim of this thesis was to develop and use novel techniques to 
investigate the biomechanics of anterior scoliosis correction.  In recent years 
anterior instrumentation and fusion has grown in popularity for the treatment 
of thoracic scoliosis.  Correction rates comparable to those achieved by 
posterior implants have been demonstrated and the anterior approach offers 
the key advantages of less scaring and the fusion of fewer segments.  However, 
because the mainstream use of anterior instrumentation is relatively new in 
comparison to posterior approaches, it has been the topic of relatively few 
biomechanical studies. 
At the forefront of the current research framework for biomechanical 
enquiry is the development of in silico biomechanical models of the spine 
capable of predicting the effect of various instrumentation strategies on 
particular patterns of deformity.  The goal is to contribute to the pre-surgical 
planning process sound biomechanical reasoning based on patient-specific data.  
The value of these models is dependent on the quality of the data used to 
validate their output, data that can only be obtained by in vivo and in vitro 
experimentation.  The objectives proposed in this thesis were focused on 
addressing some obvious gaps in the literature concerning anterior 
instrumentation with the use of in vivo and in vitro methods.  So while the 
studies performed here contribute to the biomechanical understanding of 
scoliosis correction in their own right, together, they also make an important 
contribution toward the continued development of in silico surgical simulations.  
This was a motivating force behind this work. 
The first gap identified was that there had been no study to document 
the corrective forces applied during anterior instrumentation, a key component 
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of the surgery.  These forces are applied based purely on the surgeon’s skill and 
judgement (which are no doubt very good).  However, in order to investigate 
the optimal forces required as well as how the applied forces may contribute to 
the mechanisms by which an implant fails, the magnitudes of the forces actually 
being applied need to be understood.  Hence the first two objectives of this 
thesis were to develop a method for intra-operative force measurement, and 
then to measure the corrective forces applied in a series of AIS patients.  These 
objectives were achieved and are addressed in Chapters 3 and 4 respectively. 
To the best of the author’s knowledge, this thesis has presented the first 
dataset of intra-operatively measured corrective forces applied during anterior 
scoliosis surgery.  Collection in a series of 15 AIS patients has made it possible to 
comment on the magnitudes, distribution and variability of these forces among 
spinal segments, and between patients.  A clear pattern whereby larger forces 
were applied at segments close to the scoliosis apex and smaller forces applied 
at the ends of the construct was observed. 
A key finding from the intra-operative forces study was that the applied 
forces routinely reached magnitudes within the range of predicted screw-
vertebra fixation strengths, which indicates there is a risk for tissue overload 
during correction.  This risk was validated by the observations of intra-
operative screw plough.  A clinical implication is that intra-operative screw 
plough may be a factor contributing to sub-optimal surgical outcomes.  While 
this assertion was not found substantiated by a corresponding incidence of 
screw pull-out or failure of fusion within the patient cohort, a recommendation 
for surgeons to be provided with routine force feedback is warranted and may 
reduce the risk of intra-operative screw plough. 
The final two objectives of the thesis were designed to provide in vitro 
data on the effect of an anterior scoliosis implant on the biomechanical response 
of the thoracic spine.  A review of the literature found there were few in vitro 
studies performed to assess anterior instrumentation, none of which included 
the influence of the intact thorax, a notable omission given the use of the 
implant in the thoracic spine. 
Conclusions and recommendations 
____________________________________________________________________________________________ 
8-260 
To this end, a novel COR-grid displacement-controlled in vitro spine 
testing method was developed, suitable for biomechanical testing of multi-
segment spine specimens.  Initially, this method development was not intended 
to form as large a portion of the work in this thesis as it did.  It was only on 
reviewing the literature concerning in vitro testing methods, that it became 
clear that the method of load application was of paramount importance, and 
there was controversy surrounding the use of a fixed COR to approximate a 
specimen’s IAR.  Chapter 5 therefore consisted of a detailed investigation into 
the effect of a fixed COR for an entire thoracic spine and rib cage specimen 
tested in flexion and extension. 
The in vitro test method presented in Chapter 5 responds to the criticism 
that ‘constraining’ shear forces and off-axis moments are developed during 
fixed-COR displacement-controlled testing.  Motions performed about a grid of 
fixed-CORs provided a biomechanical contour plot, mapping the resistive forces 
and moments across the COR grid.  A set of load criteria were then applied to 
evaluate ‘acceptable’ regions in which placement of a COR was considered to 
approximate the location of the specimen’s preferred IAR. 
Evaluated at regular intervals throughout sagittal plane motions, ‘IAR 
regions’ were identified where constraining secondary loads were kept to a 
minimum.  These regions were continuous and moved throughout the range of 
applied motion, consistent with the expected characteristics of an IAR.  There 
was found a clear pattern of increasing secondary loads as COR location was 
displaced both further anterior and posterior from the IAR region.  The stiffness 
response of the multi-segment specimens used throughout this thesis was found 
to be highly sensitive to small changes (in the order of millimetres) in the 
location of a fixed COR. 
The findings from this study certainly raise questions in regard to results 
from displacement-controlled tests which are performed about fixed CORs 
which are outside the IAR regions.  There are also implications for moment-
controlled testing, where friction in the test machine components have been 
known to exert forces additional to the pure moments applied at the cranial end 
of the specimen.  It is recommended that far more attention be paid to the 
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presence of secondary loads during in vitro biomechanical tests on the spine.  
Their effect on stiffness, ROM and the location of the COR/IAR of the specimen 
needs to be understood so as to ascertain the relative importance of their 
presence in such testing. 
If constraining loads can be minimised during fixed-COR testing, then 
there are certain advantages to the use of a displacement-controlled test 
protocol.  The exact same motion path can be applied for repeated testing of a 
specimen under varied conditions (e.g. different surgical interventions) and 
specimens which include long lengths of the spinal column can be tested 
throughout any existing neutral zone without the fear of buckling under an 
applied load. 
The COR grid testing protocol provides a new biomechanical approach 
for in vitro testing of the spine.  Given that it isn’t clear how the spine moves in 
vivo, especially when it must accommodate an implant, it is valuable to be able 
to map the loads, stiffness and intervertebral motions which occur in response 
to known applied rotations.  In essence this method provides a map of how 
surgical modifications alter the kinematics of the spine, which is an important 
design consideration.   
Chapters 6 and 7 document the use of the novel COR grid testing protocol 
to assess anterior instrumentation applied within the bovine thorax.  To the 
best of the author’s knowledge this study has provided the first biomechanical 
data of its kind, documenting the effect of anterior instrumentation applied 
within the thoracic spine with attached ribcage.  Given that the rib cage 
contributes significantly to the mechanical response of the thoracic spine, it 
should be included when investigating the stabilising effect of implants applied 
to the thoracic region.  The redistribution of motion among the un-instrumented 
segments was found consistently skewed towards segments immediately 
adjacent to the instrumentation.  The use of a motion sensing device at every 
segment during in vitro implant testing is highly recommended to capture the 
altered biomechanics at un-instrumented segments. 
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In summary this thesis has provided three important contributions to the field 
of scoliosis surgery biomechanics: 
1. The first in vivo measurements of corrective forces applied during 
anterior scoliosis surgery which offer new insights into the intra-
operative biomechanics of anterior scoliosis surgery. 
2. The development of a novel displacement-controlled testing protocol for 
assessing the effect of implants on multi-segment spine specimens which 
provides comprehensive data on the effect of COR location. 
3. New data which reports the effect of anterior scoliosis instrumentation 
on the passive biomechanics of the thoracic spine and ribcage. 
 
8.1 LIMITATIONS AND RECOMMENDATIONS FOR FUTURE 
WORK 
 
A limitation common to both the in vivo and in vitro studies presented in 
this thesis was that of a small sample size.  The group of 15 patients for which 
intra-operative corrective forces were measured was a function of the 
frequency of anterior scoliosis surgeries being performed at the Mater 
Children’s Hospital in Brisbane.  Certainly, a larger sample size would have 
broadened the possibility of statistical analysis to explore correlations between 
the forces applied in surgery, and both pre-operative deformity characteristics 
and post-operative measurements of correction.  Future direction for this work 
may include further intra-operative force measurements to be used within a 
larger study of surgical outcomes which incorporates the use of patient-specific 
computational modelling. 
The COR-grid testing protocol proved time consuming and approached the 
limit of maximum duration of in vitro testing, after which time tissue 
degradation becomes an undesired influence.  This limited the testing 
performed on each specimen to motions in a single plane and time constraints 
meant that assessment of anterior instrumentation in axial rotation was 
omitted.  The practicality of the COR-grid testing method is limited due to the 
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many tests required and the sensitivity of the specimens to changes in COR 
position (the IAR regions were often very narrow). 
Strain gauges were attached to the anterior implant (shown in Figure 6-1), 
the rationale being to investigate the state of stress in the rod at the most 
cranial screw which is the location of post-operative screw pull-out.  This data 
was not analysed due to time constraints but could be in the future and may 
provide some interesting findings. 
Secondary loads were encountered, particularly during the lateral bending 
tests.  The underlying rationale of a displacement controlled test (as opposed to 
a ‘moment controlled’ test) is that in displacement controlled testing, all of the 
degrees of freedom are prescribed or fixed.  It was the author’s aim to 
determine the suitability of a fixed-COR technique (one degree of freedom) by 
thoroughly quantifying the associated loads.  To design in (unconstrained) 
degrees of freedom at the robot interface to alleviate secondary loads would be 
a deviation from the philosophy of displacement controlled testing and 
therefore wasn’t considered within the scope of this study.  However, the design 
of appropriate degrees of freedom at the robot interface is certainly warranted 
as a future direction for this work. 
The in vitro studies performed in this thesis have laid the foundation for 
further studies which are now being performed within the Paediatric Spine 
Research Group to investigate anterior scoliosis instrumentation.  Future work 
should include improvements to the robotic testing facility to explore the use of 
more complex motion patterns and loading techniques. 
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APPENDICES 
 
 
APPENDIX A:  
Mathematical model of intra-operation 
spinal joint compression 
 
Included as an Excel file with the following sheets 
1. Simulation 1 
0.5mm backlash after each of the 5 cable compression steps 
                           
                    
 
2.  
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APPENDIX B:  
Force transducer strain gauge installation 
 
 
This appendix details the procedure used for installing the strain gauges 
onto the surface of the cable compressor actuator shaft for development of the 
intra-operative corrective force transducer.  The procedure and materials used 
for strain gauge installation is crucial in determining the quality of strain 
measurement delivered by the gauges. 
Surface preparation 
The surface of the actuator shaft was thoroughly cleaned with Isopropyl 
alcohol to remove oil contaminants before wet abrading using silicon-carbide 
paper (320-grit) and a mild water-based phosphoric acid solution (M-Prep 
Conditioner A, Vishay Precision Group Micro-Measurements, Raleigh, NC, USA).  
Using a cotton tip the surface was then thoroughly scrubbed with the acid 
solution.  Finally the surface was scrubbed with an alkaline solution (M-Prep 
Neutralizer 5A, Vishay Precision Group Micro-Measurements, Raleigh, NC, USA) 
to neutralize the pH level ready for gauge bonding.  Care was taken to wipe 
clean the surface after each step to prevent any build-up of cleaning agent 
residue.  The surface spanning the entire circumference of shaft at the 
transducer site was prepared in this way. 
Gauge preparation and placement 
The two gauges were placed with the backing side down on a clean glass 
surface and each covered with a strip of clear sticky tape (MJG-2 mylar tape).  
The tape was used to lift each gauge from the glass and position it on the 
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actuator shaft.  With the tape at one end of the gauge firmly secured to the shaft, 
the opposite end was lifted and folded back to expose the backing of the gauge 
ready for application of the adhesive.  Gauge placement and adhesion were 
performed for one gauge at a time. 
Adhesion 
A two-part epoxy resin adhesive with a 15-20 minute working time was 
used (M-Bond AE-10, Vishay Precision Group Micro-Measurements, Raleigh, NC, 
USA).  The freshly mixed adhesive was let to stand for 5 minutes before use.  A 
small drop was applied with the mixing rod into the corner made by the taped 
down edge of the gauge and the shaft surface.  Using a clean gauze pad, the 
gauge was then fastened to the shaft by applying thumb pressure along the 
gauge starting at the taped down edge.  The adhesive was allowed to cure for six 
hours at room temperature under a recommended pressure within the range 
35-125 kN/m2.  This was achieved by attaching a clamping block with surfaces 
contoured to the surface of the shaft (diameter 7.9mm), fixed under the action 
of a G clamp. 
Terminal attachment and wiring 
A bondable terminal pad with three copper terminals was bonded to the 
shaft at the same axial position as the gauges, on the side surface 90˚ between 
the two gauges.  The layout of the wire connections is shown in Figure 8-1.  
After installation the area was cleaned with M-line Rosin solvent to remove any 
flux from the solder terminals.  The operation of the gauges was then verified 
using a P3 strain indicator. 
 
 
Figure 8-1: Wiring layout of the strain gauge force transducer  
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APPENDIX C:  
 
Force transducer calibration data 
 
 This appendix includes the details for the calibrations performed on the 
cable compressor force transducer throughout its use.  A summary of each 
calibration set is included in Table 8-1 while the output traces are shown in the 
figures that follow.  Note that the green trace is that of the force output by the 
materials testing machine load cell and the black trace is the strain output by 
the transducer.  The portions of each trace which are highlighted in red are the 
plateau regions following each handle compression.  The average magnitude of 
each of the force and strain traces at these regions provided the calibration data 
points. 
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Table 8-1: Calibration data sets for cable compressor force transducer 
 
Calibration 
set 
Details Date 
No. of 
calibrations 
Load cell 
attachment 
0 Initial 
21/11/08 
26/11/08 
3 
4 
shackle 
shackle 
1 After patient 1 15/12/08 5 shackle 
2 After patient 3 15/01/09 5 shackle 
3 After patient 4 17/02/09 5 spring 
4 After patient 6 
03/03/09 
09/03/09 
3 
1 
spring 
spring 
5 After patient 8 08/04/09 2 spring 
6 After patient 10 28/04/09 5 spring 
7 After patient 12 
06/07/09 
 
08/07/09 
1 
1 
2 
spring 
shackle 
shackle 
8 After patient 13 
21/07/09 1 
2 
spring 
shackle 
9 After patient 14 
02/08/09 
21/06/10 
2 
3 
shackle 
shackle 
10 After patient 15 
10/12/10 
15/12/10 
24/12/10 
4 
3 
13 
shackle 
spring 
spring 
 
TOTAL CALIBRATIONS: 
 
34 
31 
________________ 
65 
 
spring 
shackle 
_______________
_ 
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Figure 8-2: Traces from calibration set 0 
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Figure 8-3: Traces from calibration set 1 
 
 
Figure 8-4: Traces from calibration set 2 
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Figure 8-5: Traces from calibration set 3 
 
 
 
Figure 8-6: Traces from calibration set 4 
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Figure 8-7: Traces from calibration set 5 
 
 
 
Figure 8-8: Traces from calibration set 6 
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Figure 8-9: Traces from calibration set 7 
 
 
 
Figure 8-10: Traces from calibration set 8 
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Figure 8-11: Traces from calibration set 9 
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Figure 8-12: Traces from calibration set 10 (continued on next page) 
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Figure 8-12: Traces from calibration set 10 (continued from previous page) 
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Appendix D:  
 
Force transducer intra-operative raw data 
 
 
 This appendix includes the strain output from the force transducer 
during the compression of each instrumented spinal segment for each of the 15 
patients included in the intra-operative force measurement study detailed in 
Chapter 4.  The portion of each trace which is highlighted in red indicates the 
strain which followed the final applied compression step, the average of this 
strain used to calculate the experimental force measurement. 
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                 (a) 
 
(b) 
(All x-axis units are given in seconds) 
Figure 8-13: Intra-operative transducer output during compression of each 
spinal segment for a) Patient 1 and;  b) Patient 2 
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(a) 
 
(b) 
(All x-axis units are given in seconds) 
Figure 8-14: Intra-operative transducer output during compression of each 
spinal segment for a) Patient 3 and;  b) Patient 4 
Appendices 
______________________________________________________________________________________________________________ 
- 17 - 
 
 
(All x-axis units are given in seconds) 
Figure 8-15: Intra-operative transducer output during compression of each 
spinal segment for Patient 5 
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(All x-axis units are given in seconds) 
Figure 8-16: Intra-operative transducer output during compression of each 
spinal segment for Patient 6 
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(All x-axis units are given in seconds) 
Figure 8-17: Intra-operative transducer output during compression of each 
spinal segment for Patient 7 
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(All x-axis units are given in seconds) 
Figure 8-18: Intra-operative transducer output during compression of each 
spinal segment for Patient 8 
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(All x-axis units are given in seconds) 
Figure 8-19: Intra-operative transducer output during compression of each 
spinal segment for Patient 9 
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(a) 
 
(b) 
(All x-axis units are given in seconds) 
Figure 8-20: Intra-operative transducer output during compression of each 
spinal segment for a) Patient 10 and;  b) Patient 11 
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(a) 
 
(b) 
(All x-axis units are given in seconds) 
Figure 8-21: Intra-operative transducer output during compression of each 
spinal segment for a) Patient 12 and;  b) Patient 13 
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(All x-axis units are given in seconds) 
Figure 8-22: Intra-operative transducer output during compression of each 
spinal segment for Patient 14 
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(All x-axis units are given in seconds) 
Figure 8-23: Intra-operative transducer output during compression of each 
spinal segment for Patient 15 
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Appendix E:  
 
Fluoroscopic measurement of intra-
operative segmental correction 
 
 
 This appendix provides details for the analysis of intra-observer 
measurement errors for the measurement of angles on intra-operative 
fluoroscope images taken to document the segmental correction performed 
during anterior scoliosis surgery.  Table 8-2 provides the reasons for exclusion 
for 7 segments from the analysis.  Repeated measurements of endplate 
inclination angles    and the sample standard deviation (sd) for the difference 
between two measurements    are given in Table 8-3.  Repeated measurements 
of screw inclination angles    and the sample standard deviation for the 
difference between two measurements   are given in Table 8-4. 
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Table 8-2 :Segments for which fluoroscope analysis was not performed 
Patient ID Segment Reason for exclusion from analysis 
2 T6T7 Before compression image missing 
3 T6T7, 
T7T8, 
T8T9 
Before compression images not saved by the 
radiographer 
7 T8T9 Fluoroscope moved during compression so 
inconsistent alignment from which to compare 
angles 
7 T5T6 Before compression image missing 
13 T10T11 Fluoroscope moved during compression so 
inconsistent alignment from which to compare 
angles 
 
Table 8-3: Repeated measurements of endplate inclination angles 
 
1 2 3 abs(2-1) abs(3-2) abs(3-1)
1 T11T12_2 sup 174.61 174.56 174.38 -0.05 -0.18 -0.23
2 T7T8_1 sup 79.63 80.48 80.54 0.85 0.05 0.91
2 T10T11_1 sup 71.34 70.33 70.63 -1.02 0.30 -0.72
4 T9T10_1 inf 84.39 84.85 83.94 0.46 -0.91 -0.45
4 T10T11_2 sup 88.65 88.17 87.67 -0.48 -0.50 -0.98
5 T7T8_1 sup 106.49 106.74 106.10 0.25 -0.64 -0.39
5 T8T9_3 inf 99.46 99.58 100.34 0.12 0.76 0.88
5 T9T10_3 inf 98.87 98.44 97.62 -0.43 -0.82 -1.25
5 T10T11_1 inf 99.08 99.41 100.54 0.33 1.13 1.46
6 T10T11_2 sup 85.35 86.02 86.42 0.67 0.40 1.07
8 T11T12_1 sup 82.54 81.74 80.54 -0.80 -1.20 -2.00
8 T11T12_3 sup 87.84 88.40 87.85 0.56 -0.56 0.00
9 T7T8_1 inf 90.29 88.56 88.10 -1.73 -0.46 -2.19
9 T7T8_5 inf 97.06 95.79 93.74 -1.27 -2.05 -3.32
9 T9T10_1 inf 76.13 77.01 76.91 0.88 -0.10 0.78
11 T7T8_1 inf 83.31 82.36 81.60 -0.96 -0.75 -1.71
11 T7T8_2 inf 86.73 87.10 88.26 0.37 1.17 1.53
13 T9T10_6 inf 75.68 75.62 75.96 -0.06 0.34 0.28
15 T8T9_1 sup 76.07 75.41 76.88 -0.66 1.47 0.81
15 T8T9_4 sup 82.34 80.19 80.36 -2.15 0.16 -1.98
0.86 0.87 1.37
Average
Patient Image
1.04
ENDPLATE INCLINATION ANGLE
Repeated measurements Measurement differences
Endplate
  
  :
  :
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Table 8-4: Repeated measurements of screw inclination angles 
 
 
The measurement error for a single screw inclination angle    is as follows: 
 ̂  ~ N     
  
 
  
 
Where s is the standard deviation of the difference between two independent 
measurements of   . 
Therefore the measurement error for a screw orientation angle     is: 
 ̂     ̂  ~ N     
    
So, the measurement error for a screw correction angle     is calculated as: 
 ̂     ̂      ̂    ~               
      
1 2 3 abs(2-1) abs(3-2) abs(3-1)
1 T11T12_2 2 169.63 170.77 169.64 1.14 -1.13 0.01
2 T7T8_1 2 75.68 75.42 75.69 -0.27 0.27 0.01
2 T10T11_1 2 66.82 66.82 66.75 0.00 -0.07 -0.07
4 T9T10_1 2 85.53 86.00 85.52 0.47 -0.48 -0.01
4 T10T11_2 2 87.60 87.57 87.71 -0.03 0.14 0.11
5 T7T8_1 2 105.66 106.44 106.58 0.78 0.14 0.92
5 T8T9_3 2 102.95 102.75 102.77 -0.20 0.02 -0.19
5 T9T10_3 2 99.91 99.15 98.91 -0.76 -0.24 -1.00
5 T10T11_1 2 97.57 96.80 97.88 -0.77 1.07 0.31
6 T10T11_2 2 86.09 86.00 85.74 -0.09 -0.27 -0.35
8 T11T12_1 2 79.38 79.58 79.49 0.20 -0.08 0.11
8 T11T12_3 2 86.67 87.00 86.34 0.33 -0.66 -0.33
9 T7T8_1 2 84.37 84.75 84.41 0.38 -0.33 0.04
9 T7T8_5 2 96.35 96.22 95.92 -0.13 -0.30 -0.43
9 T9T10_1 2 84.45 84.47 84.25 0.02 -0.22 -0.20
11 T7T8_1 2 84.18 83.91 83.71 -0.27 -0.20 -0.47
11 T7T8_2 2 90.39 90.00 89.66 -0.39 -0.34 -0.73
13 T9T10_6 2 85.63 85.59 85.89 -0.04 0.30 0.26
15 T8T9_1 2 73.05 72.87 73.38 -0.18 0.51 0.33
15 T8T9_4 2 81.89 81.89 82.84 0.00 0.95 0.95
0.46 0.51 0.47
Average 0.48
SCREW INCLINATION ANGLE
Screw
Repeated measurements Measurement differences
Patient Image
  
  :
  :
Appendices 
______________________________________________________________________________________________________________ 
- 29 - 
 
So the standard deviation for a measurement of      is: 
√    
And a 95% confidence interval for a measurement of     is : 
  √         √             
Similarly, the measurement error for a single endplate angle    is as follows: 
 ̂  ~ N     
  
 
 
  
 
Where    is the standard deviation of the difference between two independent 
measurements of   . 
Therefore the measurement error for the difference between two endplate 
angles can be defined by: 
 ̂     ̂  ~ N         
 
 
So, the measurement error for a screw-endplate angle is calculated as: 
 ̂     ̂    ̂  ~          
  
 
 
  
 
 
  
And therefore the measurement error for a screw plough angle is calculated as: 
 ̂     ̂      ̂    ~             
  
 
 
  
 
 
 
  
 
 
  
 
 
  
 ̂   ~        
    
   
So the standard deviation for a measurement of      is: 
√       
And a 95% confidence interval for a measurement of     is : 
  √           √                     
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The measurement error for the segment correction angle    is therefore: 
 ̂   ̂    ̂   ~           
    
         
So the standard deviation for a measurement of     is: 
√        
And a 95% confidence interval for a measurement of    is : 
  √            √                 6 
 
ANGLE 95% CI 
Screw correction     ±     ˚ 
Screw plough     ±     ˚ 
Segment correction    ±   6 ˚ 
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Appendix F:  
 
Calculation of loads acting at the COR 
during in vitro displacement-controlled 
testing 
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In Figure 8-24 is a sagittal-plane (Z-Y) free-body-diagram of the thoracic bovine 
spinal column mounted within the robotic testing frame.  Forces and moments 
about the X-axis have not been shown. 
 
 
Figure 8-24: Free-body-diagram in the mid-sagittal plane of the bovine thoracic 
spinal column mounted within the robotic testing facility.  A flexion test about 
a COR located within the T8 vertebral body is illustrated. The grey spine is in 
the set position while the red spine shows the position of the spine after θ˚ 
flexion. 
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   ,    ,     and    ,    ,     are the reaction loads at the base of the 
construct and at the geometrical center of the load cell.  Given that   ,   ,   , and 
  ,  ,   are the loads registered by the load cell, then it follows that: 
          
          
          
And, 
         
         
         
 
The sum of the moments about the COR must equal zero.  Therefore: 
                          
                          
                          
 
Substituting the load cell loads for the reaction loads yields: 
                     
                     
                     
 
Note that the same equations as above were used to resolve the moments acting 
along the anterior column at each vertebral body as presented in Section 0. 
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Appendix G:  
 
Intervertebral motion analysis 
 
This appendix contains all calculations used to determine intervertebral spinal 
motions throughout the in vitro testing performed in Chapters 5, 6 and 7.  The 
configuration of the Optotrak camera system, relative to the robot is shown in 
Figure 8-25.  The raw data consisted of the instantaneous coordinates of each 
infrared-emitting diode marker in the global coordinate system. 
 
Figure 8-25: Configuration of the Optotrak camera system relative to the robotic 
testing facility. 
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G.1 Configuration of rigid body LCS 
 
The first step was to define a local coordinate system (LCS) for each set of 
markers making up a rigid body.  Each rigid body was made up of three 
optoelectronic markers mounted to the marker frame in a fixed configuration.  
In Figure 8-26, a transverse plane view of the rigid body marker configuration is 
shown.  The calculations that follow describe the orientation of the LCS within 
the GCS.  The origin of the LCS was placed at marker 3. 
 
 
Figure 8-26: Orientation of the rigid body LCS with origin at marker 3.  Markers 
1,2 and 3 have coordinates x,y,z in the GCS. The transverse plane is shown. 
 
Vectors  ⃑    and  ⃑    originate from marker 3 and are connected at marker 2 and 
marker 1 respectively: 
 ⃑                      
 ⃑                      
Unit vectors   ,    and  ⃑  represented the local x-axis, y-axis and z-axis 
respectively and were calculated as follows: 
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 ⃑   
‖ ⃑   ‖
 
 ⃑  
 ⃑     ⃑   
‖ ⃑     ⃑   ‖
 
    ⃑     
The local coordinate system (LCS) was therefore represented by a matrix where 
each column contained the global coordinates of the unit vectors   ,    and  ⃑ : 
    [
      
      
      
] 
The global coordinate system (GCS) was represented by the matrix: 
    [
   
   
   
] 
The rotational transformation matrix (RTM) of the LCS with respect to the GCS 
was then defined as: 
              
The orientation of the rigid body LCS with respect to the GCS was then 
described by the computation of three Euler angles: 
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The orientation of each rigid body LCS was determined at two time points 
during the test.  The first was when the specimen had been returned to its set 
position at the start of the final rotation cycle (time = 1) and the second; at the 
point of maximum spinal rotation during the final rotation cycle (time = 2). 
So the following variables are calculated: 
At time = 1 
     ,      ,            
At time = 2 
     ,      ,            
 
G.2 Intervertebral rotations 
 
As the rotations of the rigid bodies also describe the rotations of the vertebral 
bodies to which they are attached, rotations of each vertebral body in the GCS 
were calculated as follows: 
                               
 
Intervertebral rotations were calculated as the rotation of the superior vertebra 
with respect to the inferior vertebra, for example for the intervertebral rotation 
between T2 and T3: 
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G.3 Intervertebral translations 
 
The coordinates of anatomical landmarks on the anterior spinal column were 
digitised when the spine was in the set position (details in Section 5.2.3.5). 
These landmarks were added as imaginary markers defined within the LCS of 
both the corresponding marker frame (Vector    ) , and that of the adjacent, 
inferior marker frame (Vector  ⃑  )   at time = 1. 
In the calculations that follow, the translation of vertebral body T4, relative to 
T5 is given as an example.  The location of the digitised point at the mid-height 
of the anterior vertebral body in the mid-sagittal plane for both T4 and T5 is 
shown relative to the marker frame on vertebra T5 in Figure 8-27. 
 
Figure 8-27: Mid-sagittal plane illustration of the bovine thoracic spinal column 
with a rigid body optoelectronic marker frame attached to the spinous processes 
of T5.  The vector between the digitized point on the anterior spinal column and 
the origin of the T5 marker frame is shown for both vertebra T4 ( ⃑⃑  ) and T5 ( ⃑⃑  ). 
 
A vector,     , between the origin (marker 3) of the T5 rigid body marker frame 
and the corresponding imaginary marker on the T5 vertebral body was 
calculated in the GCS: 
                                      (At time = 1) 
 
Appendices 
______________________________________________________________________________________________________________ 
- 40 - 
Another vector,  ⃑   , between the origin (marker 3) of the T5 marker frame and 
the imaginary marker on the T4 vertebral body was also calculated in the GCS: 
 ⃑                                    (At time = 1) 
 
Vectors     and  ⃑   were then defined within      (local coordinate system set 
up at time=1 on the T5 marker frame) as      and  
 
   respectively: 
      
 
        
      ⃑
 
        
Imaginary vectors      and  
 
   were then used to calculate the position of the 
anterior anatomical landmarks in the GCS at the maximum applied spinal 
rotation (time = 2).  This is illustrated in Figure 8-28.  The predicted position of 
T4 given that no relative motion occurs between T4 and T5 is shown by the grey 
vertebral body. 
 
Figure 8-28: Schematic illustration for the calculation of intervertebral 
translation as   ⃑      . 
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The imaginary vectors are rotated into the GCS at time=2 and defined as vectors 
    and  ⃑  : 
                  
 ⃑                 
Therefore the GCS coordinates of the digitised point on the T5 vertebral body 
are calculated as follows: 
                                     
And the predicted GCS coordinates of the digitised point on the T4 vertebral 
body are calculated as follows: 
                          ⃑             
The vector then that describes the relative translation of the T4 vertebral body 
with respect to inferior vertebra T5 is calculated as follows: 
 ⃑                              
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Appendix H:  
 
Additional data for preliminary 
flexion/extension testing in chapter 5 
 
 
This appendix contains the following: 
1. Diagrams demonstrating the anatomical location of each COR grid used 
throughout the preliminary testing conducted in Chapter 5.  All grids are 
shown true to size.  For specimens 1 and 2, vertical landmarks include 
the vertebral mid-body, designated as ‘M’, while a nominal sagittal 
placement of the anterior border of the spinal column is denoted by an 
‘A’ on the top horizontal axis.  For all remaining specimens, sagittal plane 
outlines of the vertebral bodies are shown. 
2. The total range of loads which were recorded at the maximum applied 
rotation throughout all tests, across each COR grid are given for both 
flexion and extension in Table 8-5 and Table 8-6 respectively. 
3. Interpolated stiffness plots for instrumented tests shown relative to the 
intact stiffness 
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Figure 8-29: COR grid used for Specimen 1.  Intact testing was performed in a 
combined Flexion/Extension mode (10˚/-6˚) 
 
 
 
Figure 8-30: COR grid used for Specimen 2.  Intact testing was performed in a 
combined Flexion/Extension mode (10˚/-6˚) 
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Figure 8-31: COR grid used for Specimen 3.  Intact testing was performed in a 
combined Flexion/Extension mode (10˚/-6˚) 
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(a) (b) 
 
Figure 8-32: COR grids used for Specimen 4.  Testing was performed in a 
combined Flexion/Extension mode for a) the intact spine with maximum applied 
rotations of (10˚/-6˚) and b) the spine instrumented with a scoliosis rod spanning 
T6-T12 with maximum applied rotations of (10˚/-8˚). 
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(a) 
 
(b) 
 
 
(c) 
 
(d) 
Figure 8-33: COR grids used for Specimen 5.  Testing was performed on the intact 
spine in; a) flexion to 20˚ and; b) extension to -12˚ and on the spine instrumented 
with a scoliosis rod spanning T5-T12 in; c) flexion to 15˚ and; d) extension to -12˚. 
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(a) 
 
(b) 
Figure 8-34: COR grids used for Specimen 6.  Testing was performed on the intact 
spine in; a) flexion to 20˚ and; b) extension to -12˚ and on the spine instrumented 
with a scoliosis rod spanning T5-T12 in; c) flexion to 20˚ and; d) extension to -10˚. 
(Figure continued on the following page) 
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(c) 
 
(d) 
Figure 8-34: (Continued from previous page) COR grids used for Specimen 6.  
Testing was performed on the intact spine in; a) flexion to 20˚ and; b) extension 
to -12˚ and on the spine instrumented with a scoliosis rod spanning T5-T12 in; c) 
flexion to 20˚ and; d) extension to -10˚. 
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(a) 
 
(b) 
 
 
(c) 
 
(d) 
Figure 8-35: COR grids used for Specimen 7.  Testing was performed on the intact 
spine in; a) flexion to 16˚ and; b) extension to -12˚ and on the spine instrumented 
with a scoliosis rod spanning T6-T12 in; c) flexion to 16˚ and; d) extension to -12˚. 
Appendices 
______________________________________________________________________________________________________________ 
- 51 - 
 
The total range of loads which were recorded at the maximum applied rotation 
throughout all tests, across each COR grid are given for both flexion and 
extension in Table 8-5 and Table 8-6 respectively.  
 
Table 8-5: Overall range of loads recorded at maximum rotation throughout 
preliminary flexion tests. (Specimen number and magnitude of rotation at which 
the maximum and minimum loads occurred are shown in brackets) 
 
 
Table 8-6: Overall range of loads recorded at maximum rotation throughout 
preliminary extension tests (Specimen number and magnitude of rotation at 
which the maximum and minimum loads occurred are shown in brackets) 
 
 
 
 
 
 
 
Min Max Min Max
Mx [Nm] -0.52 (2, 10˚) 6.94 (2, 10˚) 0.64 (4, 10˚) 12.84 (6, 20˚)
My [Nm] -0.9 (1, 10˚) 0.8 (1, 10˚) -1.2 (4, 10˚) 0.6 (4, 10˚)
Mz [Nm] -0.2 (1, 10˚) 0.14 (7, 16˚) -0.5 (4, 10˚) 0.2 (4, 10˚)
Fx [N] -3.4 (3, 10˚) 3.7 (1, 10˚) -7.5 (6, 20˚) 3.3 (4, 10˚)
Fy [N] -43.5 (6, 20˚) 48.6 (6, 20˚) -42.7 (6, 20˚) 89.7 (6, 20˚)
Fz [N] -141.8 (6, 20˚) 107.6 (1, 10˚) -267 (6, 20˚) 45.7 (4, 10˚)
Intact Instrumented
Min Max Min Max
Mx [Nm] -0.09 (2, -6˚) -6.23 (6, -12˚) -0.65 (5, -12˚) -5.9 (6, -10˚)
My [Nm] -0.9 (6, -12˚) 1.7 (1, -6˚) -0.7 (4, -8˚) 0.4 (7, -12˚)
Mz [Nm] -0.09 (6, -12˚) 0.26 (7, -12˚) -0.1 (4, -8˚) 0.1 (6, -10˚)
Fx [N] -5.5 (1, -6˚) 0.6 (1, -6˚) -4.8 (6, -10˚) 1.8 (4, -8˚)
Fy [N] -3.6 (2, -6˚) 22.9 (1, -6˚) -6.7 (4, -8˚) 28.4 (4, -8˚)
Fz [N] -194.4 (6, -12˚) 25 (2, -6˚) -186.3 (4, -8˚) 31.9 (4, -8˚)
Intact Instrumented
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(a) (b) 
Figure 8-36: Contour plots of the stiffness of the instrumented specimen 
relative to the stiffness of the intact specimen      for (a) specimen 7 in flexion 
          and b) specimen 7 in extension          .  The IAR region 
common to both the intact and instrumented specimen is indicated by the blue 
outline in each plot.   
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(a) (b) 
Figure 8-37: Contour plots of the stiffness of the instrumented specimen 
relative to the stiffness of the intact specimen      for (a) specimen 6 in flexion 
          and b) specimen 6 in extension           .  The IAR region 
common to both the intact and instrumented specimen is indicated by the blue 
outline in each plot.   
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(a) (b) 
Figure 8-38: Contour plots of the stiffness of the instrumented specimen relative 
to the stiffness of the intact specimen      for (a) specimen 5 in flexion 
          and b) specimen 5 in extension           .  The IAR region 
common to both the intact and instrumented specimen is indicated by the blue 
outline in each plot.   
 
  
Appendices 
______________________________________________________________________________________________________________ 
- 55 - 
 
 
Appendix I:  
 
Summary of loads within common IAR 
regions accessed for specimens tested in 
flexion and extension in Chapter 6 
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Spine 1 - Flexion Spine 1 - Extension 
 
(a) INTACT Mean ± SD Min Max
Mx [Nm] 1.11 0.04 1.02 1.21
My [Nm] 0.09 0.03 0.04 0.14
Mz [Nm] 0.07 0.01 0.05 0.09
Fx [N] 0.1 0.1 0.0 0.4
Fy [N] 2.0 1.1 0.0 3.9
Fz [N] -7.1 1.5 -10.8 -4.0
My (% of Mx) 6.1 3.0 -1.0 10.0
Mz (% of Mx) 5.4 0.5 4.4 6.8
k [Nm/˚] 0.14 0.01 0.12 0.15
[%]
(b) DISCECTOMY Mean SD Min Max
Mx [Nm] -1.17 0.08 -1.39 -0.98
My [Nm] 0.23 0.03 0.17 0.29
Mz [Nm] 0.18 0.01 0.14 0.20
Fx [N] -0.3 0.1 -0.4 -0.1
Fy [N] -3.2 0.4 -4.0 -2.4
Fz [N] -40.6 3.6 -49.5 -32.8
My (% of Mx) -19.2 2.3 -26.8 -14.7
Mz (% of Mx) -15.5 1.4 -17.6 -13.4
k [Nm/˚] 0.19 0.01 0.16 0.23
81.7 4.0 68.5 90.5  [%]
(c) ASRI T6T12 Mean SD Min Max
Mx [Nm] 2.70 0.06 2.55 2.81
My [Nm] 0.57 0.04 0.50 0.65
Mz [Nm] 0.10 0.02 0.06 0.13
Fx [N] 0.7 0.1 0.4 0.9
Fy [N] 12.5 1.3 10.0 15.2
Fz [N] -52.7 1.6 -56.6 -49.0
My (% of Mx) 21.2 1.4 18.4 23.2
Mz (% of Mx) 3.7 0.7 2.4 4.8
k [Nm/˚] 0.35 0.01 0.33 0.37
258.8 9.6 233.9 279.4  [%]
(c) ASRI T6T12 Mean SD Min Max
Mx [Nm] -1.58 0.21 -2.02 -1.20
My [Nm] 0.18 0.02 0.13 0.24
Mz [Nm] 0.06 0.01 0.04 0.08
Fx [N] 0.8 0.1 0.7 1.0
Fy [N] 3.7 1.8 0.4 6.6
Fz [N] -23.3 6.1 -37.6 -12.7
My (% of Mx) -11.3 1.4 -13.7 -7.9
Mz (% of Mx) -3.6 0.2 -4.2 -3.1
k [Nm/˚] 0.26 0.04 0.18 0.35
110.3 17.8 81.7 139.7  [%]
specimen within the IAR region found for the 
(d) ASRI T5T12 Mean SD Min Max
Mx [Nm] 3.48 0.08 3.33 3.69
My [Nm] 0.86 0.03 0.81 0.93
Mz [Nm] 0.25 0.02 0.22 0.28
Fx [N] 0.0 0.1 -0.3 0.2
Fy [N] 20.3 0.7 18.6 21.5
Fz [N] -77.7 2.3 -83.8 -73.8
My (% of Mx) 24.8 0.4 23.9 25.5
Mz (% of Mx) 7.2 0.3 6.5 7.7
k [Nm/˚] 0.44 0.01 0.42 0.47
329.1 13.0 298.6 358.3  [%]
(d) ASRI T5T12 Mean SD Min Max
Mx [Nm] -1.58 0.18 -1.98 -1.25
My [Nm] 0.13 0.05 0.00 0.24
Mz [Nm] 0.03 0.01 0.00 0.05
Fx [N] 1.1 0.1 0.9 1.3
Fy [N] 2.1 1.8 -1.3 5.0
Fz [N] -12.4 7.8 -30.2 0.0
My (% of Mx) -6.8 2.2 -10.0 0.4
Mz (% of Mx) -1.6 0.7 -2.6 -0.2
k [Nm/˚] 0.24 0.04 0.16 0.33
100.2 16.5 71.5 129.7  [%]
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Spine 2 - Flexion Spine 2 - Extension 
  
(a) INTACT Mean SD Min Max
Mx [Nm] 1.65 0.13 1.39 1.91
My [Nm] 0.04 0.02 0.01 0.08
Mz [Nm] -0.01 0.01 -0.02 0.01
Fx [N] -0.5 0.1 -0.7 -0.4
Fy [N] 3.0 1.2 0.1 5.0
Fz [N] -14.6 3.5 -22.1 -5.4
My (% of Mx) 1.9 0.8 -0.9 3.7
Mz (% of Mx) -0.8 0.4 -1.5 0.4
k [Nm/˚] 0.21 0.02 0.18 0.25
(a) INTACT Mean SD Min Max
Mx [Nm] -1.48 0.22 -1.87 -1.07
My [Nm] 0.02 0.06 -0.10 0.11
Mz [Nm] 0.03 0.03 -0.03 0.07
Fx [N] -0.9 0.6 -1.9 0.2
Fy [N] -1.5 0.7 -2.5 0.5
Fz [N] -43.9 24.0 -85.7 -0.1
My (% of Mx) -0.2 4.4 -6.4 9.9
Mz (% of Mx) -1.2 1.7 -3.9 3.1
k [Nm/˚] 0.21 0.05 0.11 0.29
(b) DISCECTOMY Mean SD Min Max
Mx [Nm] 1.23 0.07 0.90 1.38
My [Nm] -0.01 0.01 -0.03 0.02
Mz [Nm] -0.06 0.00 -0.06 -0.04
Fx [N] -0.3 0.0 -0.4 -0.2
Fy [N] 1.6 1.1 -0.7 4.0
Fz [N] -4.0 2.6 -10.1 0.0
My (% of Mx) -2.8 1.3 -5.7 1.8
Mz (% of Mx) -5.7 0.5 -6.9 -4.6
k [Nm/˚] 0.16 0.01 0.11 0.18
75.9 3.7 55.6 82.5  [%]
(b) DISCECTOMY Mean SD Min Max
Mx [Nm] -1.35 0.24 -1.82 -0.85
My [Nm] 0.06 0.05 -0.05 0.13
Mz [Nm] 0.11 0.03 0.05 0.18
Fx [N] -1.3 0.5 -2.2 -0.3
Fy [N] -4.0 0.4 -5.0 -2.9
Fz [N] -57.0 21.5 -92.5 -14.1
My (% of Mx) -2.7 4.2 -8.6 9.6
Mz (% of Mx) -8.0 1.4 -10.0 -4.3
k [Nm/˚] 0.22 0.05 0.11 0.31
104.5 5.3 91.6 131.5  [%]
(c) ASRI T6T12 Mean SD Min Max
Mx [Nm] 3.14 0.21 2.71 3.63
My [Nm] -0.19 0.03 -0.24 -0.09
Mz [Nm] -0.24 0.02 -0.28 -0.18
Fx [N] -3.8 0.2 -4.2 -3.3
Fy [N] 0.6 2.1 -3.5 4.5
Fz [N] -42.4 4.1 -51.2 -33.0
My (% of Mx) -6.6 0.8 -8.3 -4.3
Mz (% of Mx) -7.7 0.3 -8.3 -6.9
k [Nm/˚] 0.43 0.02 0.38 0.49
202.6 6.9 191.3 218.6  [%]
(c) ASRI T6T12 Mean SD Min Max
Mx [Nm] -1.67 0.22 -2.24 -1.31
My [Nm] 0.04 0.07 -0.10 0.22
Mz [Nm] 0.07 0.03 0.01 0.14
Fx [N] -0.6 0.8 -2.4 0.7
Fy [N] 3.3 0.9 1.6 5.0
Fz [N] -38.7 23.9 -89.4 0.0
My (% of Mx) -1.2 3.8 -9.7 7.7
Mz (% of Mx) -3.6 1.1 -6.1 -1.0
k [Nm/˚] 0.24 0.05 0.15 0.37
117.5 6.8 87.2 140.3  [%]
specimen within the IAR region found 
(d) ASRI T5T12 Mean SD Min Max
Mx [Nm] 4.01 0.15 3.70 4.37
My [Nm] -0.28 0.06 -0.36 -0.12
Mz [Nm] -0.24 0.03 -0.31 -0.16
Fx [N] -5.4 0.2 -6.1 -4.8
Fy [N] 12.5 2.4 7.0 16.9
Fz [N] -69.8 5.6 -82.1 -56.5
My (% of Mx) -7.6 1.4 -9.8 -3.6
Mz (% of Mx) -6.3 0.6 -7.3 -4.5
k [Nm/˚] 0.54 0.02 0.50 0.58
253.9 16.4 230.4 286.0  [%]
(d) ASRI T5T12 Mean SD Min Max
Mx [Nm] -2.00 0.27 -2.62 -1.53
My [Nm] 0.07 0.06 -0.08 0.21
Mz [Nm] 0.03 0.03 -0.03 0.09
Fx [N] -0.8 0.7 -2.4 0.5
Fy [N] 1.6 0.9 -0.1 3.5
Fz [N] -47.3 26.4 -99.9 -2.5
My (% of Mx) -2.8 3.0 -8.1 5.3
Mz (% of Mx) -1.3 1.3 -3.6 2.1
k [Nm/˚] 0.29 0.06 0.18 0.41
139.3 6.9 115.9 172.9  [%]
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Spine 3 - Flexion Spine 3 - Extension 
 
(a) INTACT Mean SD Min Max
Mx [Nm] 1.39 0.09 1.18 1.59
My [Nm] 0.00 0.02 -0.05 0.04
Mz [Nm] -0.03 0.01 -0.05 -0.01
Fx [N] 0.0 0.1 -0.2 0.2
Fy [N] 2.0 1.0 -1.2 3.8
Fz [N] -9.8 3.5 -17.8 -2.7
My (% of Mx) -1.2 1.6 -5.8 3.2
Mz (% of Mx) -3.2 0.4 -4.2 -2.2
k [Nm/˚] 0.19 0.01 0.15 0.22
(a) INTACT Mean SD Min Max
Mx [Nm] -1.64 0.17 -2.08 -1.27
My [Nm] 0.14 0.04 0.01 0.21
Mz [Nm] 0.13 0.02 0.09 0.19
Fx [N] -0.5 0.2 -0.9 0.0
Fy [N] -2.8 1.0 -5.0 -0.5
Fz [N] -37.4 14.7 -69.0 -8.7
My (% of Mx) -7.1 2.2 -10.0 0.3
Mz (% of Mx) -7.7 0.7 -9.0 -6.1
k [Nm/˚] 0.25 0.04 0.18 0.33
(b) DISCECTOMY Mean SD Min Max
Mx [Nm] 1.00 0.06 0.87 1.17
My [Nm] -0.01 0.01 -0.03 0.02
Mz [Nm] -0.09 0.01 -0.10 -0.06
Fx [N] -0.1 0.1 -0.3 0.0
Fy [N] 1.0 1.2 -2.3 3.8
Fz [N] -4.7 3.1 -12.0 0.0
My (% of Mx) -2.4 1.3 -4.7 1.3
Mz (% of Mx) -10.7 1.4 -13.3 -6.8
k [Nm/˚] 0.14 0.01 0.11 0.16
74.0 3.1 63.9 86.0  [%]
(b) DISCECTOMY Mean SD Min Max
Mx [Nm] -1.34 0.14 -1.64 -1.00
My [Nm] 0.07 0.03 0.00 0.14
Mz [Nm] 0.21 0.05 0.12 0.32
Fx [N] -0.8 0.2 -1.3 -0.4
Fy [N] -5.2 0.7 -6.6 -3.5
Fz [N] -35.6 11.9 -62.6 -11.9
My (% of Mx) -4.4 2.4 -9.0 1.4
Mz (% of Mx) -14.8 2.4 -20.5 -10.0
k [Nm/˚] 0.21 0.03 0.14 0.27
83.8 2.9 77.6 100.0  [%]
(c) ASRI T6T12 Mean SD Min Max
Mx [Nm] 2.54 0.28 2.01 3.08
My [Nm] -0.04 0.02 -0.08 0.00
Mz [Nm] -0.13 0.02 -0.16 -0.10
Fx [N] -1.3 0.2 -1.6 -0.7
Fy [N] -0.6 1.5 -5.0 2.5
Fz [N] -26.6 4.8 -38.0 -17.4
My (% of Mx) -1.7 0.6 -3.1 0.1
Mz (% of Mx) -5.1 0.2 -5.5 -4.5
k [Nm/˚] 0.35 0.04 0.27 0.43
183.9 14.0 156.0 230.3  [%]
(c) ASRI T6T12 Mean SD Min Max
Mx [Nm] -2.08 0.25 -3.07 -1.63
My [Nm] 0.05 0.04 -0.03 0.17
Mz [Nm] 0.15 0.03 0.09 0.25
Fx [N] -0.4 0.3 -1.2 0.3
Fy [N] 3.1 1.2 0.2 5.0
Fz [N] -33.2 15.4 -70.0 -4.5
My (% of Mx) -1.9 1.7 -5.8 2.2
Mz (% of Mx) -7.0 0.6 -8.2 -5.5
k [Nm/˚] 0.33 0.06 0.24 0.54
133.3 11.2 115.1 176.9  [%]
within the IAR region found overlapping for 
(d) ASRI T5T12 Mean SD Min Max
Mx [Nm] 2.87 0.31 2.27 3.56
My [Nm] -0.03 0.02 -0.07 0.01
Mz [Nm] -0.06 0.01 -0.08 -0.04
Fx [N] -1.5 0.3 -2.3 -0.9
Fy [N] 3.1 1.3 -0.3 5.0
Fz [N] -37.9 7.2 -56.1 -23.7
My (% of Mx) -1.6 0.6 -2.9 -0.2
Mz (% of Mx) -2.3 0.2 -2.6 -1.8
k [Nm/˚] 0.41 0.04 0.32 0.50
213.0 13.3 184.2 257.9  [%]
(d) ASRI T5T12 Mean SD Min Max
Mx [Nm] -2.17 0.29 -3.31 -1.66
My [Nm] 0.11 0.06 -0.06 0.26
Mz [Nm] 0.14 0.03 0.08 0.23
Fx [N] 0.1 0.3 -0.5 0.7
Fy [N] 2.1 1.3 -0.9 4.5
Fz [N] -32.6 18.2 -78.0 0.0
My (% of Mx) -4.0 2.5 -8.5 3.4
Mz (% of Mx) -6.3 0.6 -7.5 -4.8
k [Nm/˚] 0.36 0.07 0.23 0.59
143.5 13.2 115.4 192.1  [%]
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Appendix J:  
 
Summary of loads within common IAR 
regions assessed for specimens tested in 
left and right lateral bending in chapter 7 
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Spine 4 – Left lateral bending Spine 4 – Right lateral bending 
(a) INTACT Mean SD Min Max
Mx [Nm] -0.08 0.06 -0.22 0.05
My [Nm] 0.37 0.08 0.22 0.58
Mz [Nm] 0.11 0.02 0.07 0.16
Fx [N] -1.7 0.7 -3.3 -0.1
Fy [N] 1.3 0.3 0.7 2.1
Fz [N] -12.2 5.2 -24.8 -3.5
Mx (% of My) 13.3 29.0 -30.0 94.4
Mz (% of My) 28.7 3.7 23.2 42.9
k [Nm/˚] 0.05 0.01 0.03 0.07
(a) INTACT Mean SD Min Max
Mx [Nm] -0.04 0.04 -0.15 0.05
My [Nm] -0.37 0.05 -0.47 -0.24
Mz [Nm] -0.09 0.01 -0.11 -0.04
Fx [N] 0.3 0.5 -1.6 1.3
Fy [N] 0.4 0.2 0.1 0.8
Fz [N] -2.6 2.0 -8.6 0.0
Mx (% of My) -42.9 28.7 -112.2 -0.5
Mz (% of My) 23.5 7.6 9.7 36.3
k [Nm/˚] 0.04 0.01 0.02 0.06
[%]
(b) DISCECTOMY Mean SD Min Max
Mx [Nm] -0.06 0.04 -0.17 0.03
My [Nm] 0.28 0.06 0.12 0.40
Mz [Nm] 0.08 0.02 0.05 0.12
Fx [N] -1.4 0.4 -2.4 -0.6
Fy [N] 1.0 0.3 0.5 1.7
Fz [N] -8.8 3.8 -18.8 -1.9
Mx (% of My) 29.2 25.7 -31.4 90.0
Mz (% of My) 22.1 5.8 9.5 50.1
k [Nm/˚] 0.04 0.01 0.02 0.05
78.4 5.8 57.2 99.8  [%]
(b) DISCECTOMY Mean SD Min Max
Mx [Nm] -0.10 0.04 -0.21 0.00
My [Nm] -0.32 0.05 -0.44 -0.18
Mz [Nm] -0.06 0.01 -0.09 -0.03
Fx [N] 0.6 0.5 -0.8 1.6
Fy [N] 0.4 0.2 0.0 0.8
Fz [N] -4.4 1.8 -9.5 -0.7
Mx (% of My) 260.7 616.1 -80.7 2052.8
Mz (% of My) -9.1 50.8 -157.5 22.3
k [Nm/˚] 0.04 0.01 0.02 0.06
97.8 13.4 65.3 149.6  [%]
(c) ASRI T6T12 Mean SD Min Max
Mx [Nm] -0.03 0.07 -0.19 0.10
My [Nm] 0.49 0.08 0.31 0.69
Mz [Nm] 0.01 0.03 -0.05 0.07
Fx [N] 1.5 1.1 -0.7 4.9
Fy [N] 1.5 0.3 1.0 2.4
Fz [N] -8.8 6.3 -25.2 0.0
Mx (% of My) 11.4 16.7 -18.9 50.0
Mz (% of My) -5.6 5.1 -15.3 5.6
k [Nm/˚] 0.06 0.01 0.04 0.09
137.0 27.7 82.5 263.0  [%]
(c) ASRI T6T12 Mean SD Min Max
Mx [Nm] -0.38 0.08 -0.57 -0.17
My [Nm] -1.07 0.37 -1.72 -0.49
Mz [Nm] 0.07 0.04 0.00 0.13
Fx [N] -1.0 0.8 -2.7 0.8
Fy [N] 1.2 0.3 0.6 1.9
Fz [N] -25.0 7.4 -41.0 -12.3
Mx (% of My) 21.1 8.9 -4.5 30.0
Mz (% of My) -11.1 2.6 -16.1 -5.1
k [Nm/˚] 0.16 0.05 0.08 0.25
357.0 87.5 233.6 726.6  [%]
specimen within the IAR region found 
(d) ASRI T5T12 Mean SD Min Max
Mx [Nm] -0.26 0.12 -0.57 -0.04
My [Nm] 0.86 0.15 0.38 1.23
Mz [Nm] 0.08 0.04 0.01 0.16
Fx [N] 0.2 1.4 -2.8 4.4
Fy [N] 2.7 0.5 1.3 3.9
Fz [N] -25.8 9.8 -50.5 -8.4
Mx (% of My) 5.1 18.6 -30.0 51.2
Mz (% of My) -0.1 4.0 -9.0 9.0
k [Nm/˚] 0.13 0.02 0.06 0.19
271.6 39.3 144.0 407.9  [%]
(d) ASRI T5T12 Mean SD Min Max
Mx [Nm] -0.33 0.10 -0.57 -0.14
My [Nm] -1.08 0.35 -1.69 -0.53
Mz [Nm] 0.09 0.04 0.01 0.17
Fx [N] -1.2 0.8 -3.4 0.6
Fy [N] 1.0 0.3 0.4 1.7
Fz [N] -22.9 8.1 -41.1 -7.2
Mx (% of My) 13.2 9.4 -8.9 29.1
Mz (% of My) -12.6 2.7 -20.5 -4.9
k [Nm/˚] 0.16 0.05 0.07 0.26
373.1 99.9 222.5 696.3  [%]
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Spine 5 – Left lateral bending Spine 5 – Right lateral bending 
(a) INTACT Mean SD Min Max
Mx [Nm] -0.03 0.04 -0.13 0.06
My [Nm] -0.79 0.03 -0.85 -0.74
Mz [Nm] -0.23 0.01 -0.25 -0.21
Fx [N] 1.7 0.4 0.8 2.7
Fy [N] -0.4 0.2 -0.9 0.2
Fz [N] -2.6 1.8 -7.3 0.0
Mx (% of My) -10.2 4.1 -18.0 -0.3
Mz (% of My) 27.8 1.2 22.9 29.3
k [Nm/˚] 0.10 0.01 0.09 0.12
[%]
(b) DISCECTOMY Mean SD Min Max
Mx [Nm] -0.04 0.04 -0.14 0.06
My [Nm] 0.66 0.04 0.55 0.71
Mz [Nm] 0.18 0.01 0.17 0.20
Fx [N] -3.3 0.2 -3.8 -2.9
Fy [N] 0.6 0.3 0.1 1.6
Fz [N] -3.9 2.8 -12.1 0.0
Mx (% of My) 9.1 8.0 -12.8 20.4
Mz (% of My) 26.1 2.0 23.8 30.0
k [Nm/˚] 0.09 0.01 0.08 0.10
68.7 3.4 59.2 76.4  [%]
(b) DISCECTOMY Mean SD Min Max
Mx [Nm] -0.15 0.03 -0.22 -0.09
My [Nm] -0.65 0.03 -0.71 -0.57
Mz [Nm] -0.19 0.02 -0.22 -0.16
Fx [N] 2.0 0.6 0.6 3.1
Fy [N] 0.3 0.2 -0.2 0.8
Fz [N] -5.9 1.6 -9.8 -2.5
Mx (% of My) 8.9 4.9 -2.1 22.6
Mz (% of My) 28.4 1.3 22.1 30.0
k [Nm/˚] 0.09 0.01 0.07 0.10
92.6 12.3 64.1 109.6  [%]
(c) ASRI T6T12 Mean SD Min Max
Mx [Nm] -0.05 0.06 -0.17 0.07
My [Nm] 1.19 0.07 0.97 1.35
Mz [Nm] 0.19 0.01 0.16 0.21
Fx [N] 2.2 1.1 -0.1 5.0
Fy [N] 2.7 0.3 1.9 3.4
Fz [N] -8.7 3.1 -14.6 -1.0
Mx (% of My) 4.7 5.5 -7.4 14.4
Mz (% of My) 14.3 1.3 11.8 18.1
k [Nm/˚] 0.17 0.01 0.13 0.19
126.9 6.9 107.9 151.7  [%]
(c) ASRI T6T12 Mean SD Min Max
Mx [Nm] -0.61 0.08 -0.74 -0.43
My [Nm] -2.07 0.17 -2.47 -1.72
Mz [Nm] -0.43 0.01 -0.46 -0.39
Fx [N] 0.9 0.3 0.0 1.6
Fy [N] 4.4 0.4 3.3 5.0
Fz [N] -45.6 4.6 -54.2 -34.7
Mx (% of My) 26.3 2.2 20.4 30.0
Mz (% of My) 20.7 1.2 17.1 22.1
k [Nm/˚] 0.31 0.02 0.25 0.35
307.1 9.3 288.1 328.2  [%]
specimen within the IAR region found 
(d) ASRI T5T12 Mean SD Min Max
Mx [Nm] -0.02 0.05 -0.11 0.11
My [Nm] 1.26 0.07 0.97 1.45
Mz [Nm] 0.23 0.02 0.19 0.26
Fx [N] 2.1 1.2 0.0 4.6
Fy [N] 2.9 0.6 1.6 3.8
Fz [N] -9.1 4.2 -16.1 0.0
Mx (% of My) 8.4 6.0 -3.2 19.7
Mz (% of My) 16.4 0.9 14.5 20.1
k [Nm/˚] 0.18 0.01 0.15 0.22
140.1 7.9 117.3 171.1  [%]
(d) ASRI T5T12 Mean SD Min Max
Mx [Nm] -1.07 0.08 -1.19 -0.84
My [Nm] -2.76 0.19 -3.23 -2.37
Mz [Nm] -0.50 0.01 -0.52 -0.46
Fx [N] 5.3 0.3 4.4 5.8
Fy [N] 7.0 0.5 5.9 7.9
Fz [N] -75.9 4.9 -84.2 -63.2
Mx (% of My) 38.5 1.2 34.6 40.2
Mz (% of My) 18.2 0.9 15.7 19.5
k [Nm/˚] 0.44 0.03 0.38 0.51
441.8 10.8 413.6 470.8  [%]
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Spine 6 – Left lateral bending Spine 6 – Right lateral bending 
(a) INTACT Mean SD Min Max
Mx [Nm] 0.00 0.01 -0.05 0.03
My [Nm] 0.51 0.02 0.46 0.57
Mz [Nm] 0.15 0.01 0.14 0.18
Fx [N] -2.3 0.2 -3.0 -1.8
Fy [N] 1.0 0.4 0.1 2.2
Fz [N] -3.5 1.8 -8.4 0.0
Mx (% of My) 16.7 5.9 -8.2 26.0
Mz (% of My) 26.2 1.4 23.9 30.0
k [Nm/˚] 0.07 0.01 0.05 0.08
(a) INTACT Mean SD Min Max
Mx [Nm] 0.02 0.02 -0.03 0.06
My [Nm] -0.64 0.06 -0.75 -0.48
Mz [Nm] -0.18 0.02 -0.22 -0.14
Fx [N] 3.4 0.7 1.9 5.0
Fy [N] 1.9 1.3 -0.1 4.9
Fz [N] -7.9 5.4 -20.4 0.0
Mx (% of My) -11.4 5.6 -26.9 3.6
Mz (% of My) 27.7 1.3 25.5 30.0
k [Nm/˚] 0.08 0.01 0.06 0.11
[%]
(b) DISCECTOMY Mean SD Min Max
Mx [Nm] -0.03 0.03 -0.09 0.03
My [Nm] 0.39 0.03 0.33 0.49
Mz [Nm] 0.09 0.01 0.08 0.11
Fx [N] -2.0 0.2 -2.6 -1.6
Fy [N] 0.9 0.5 0.1 2.2
Fz [N] -3.8 2.1 -8.8 0.0
Mx (% of My) 5.4 9.7 -22.7 21.6
Mz (% of My) 16.8 2.7 12.7 24.8
k [Nm/˚] 0.05 0.00 0.04 0.07
81.4 9.6 60.0 102.2  [%]
(b) DISCECTOMY Mean SD Min Max
Mx [Nm] -0.01 0.02 -0.06 0.08
My [Nm] -0.60 0.07 -0.73 -0.45
Mz [Nm] -0.15 0.02 -0.19 -0.12
Fx [N] 3.2 0.7 1.8 4.7
Fy [N] 1.8 1.1 0.1 4.3
Fz [N] -7.7 4.6 -18.2 -0.5
Mx (% of My) -5.4 5.5 -29.5 4.8
Mz (% of My) 23.8 0.9 22.2 26.1
k [Nm/˚] 0.08 0.01 0.06 0.10
90.1 4.7 78.1 106.5  [%]
(c) ASRI T6T12 Mean SD Min Max
Mx [Nm] -0.03 0.03 -0.12 0.06
My [Nm] 0.99 0.08 0.79 1.20
Mz [Nm] 0.15 0.01 0.10 0.17
Fx [N] 2.0 0.7 -0.8 3.4
Fy [N] 1.3 0.5 0.2 2.5
Fz [N] -3.8 2.1 -8.8 0.0
Mx (% of My) 1.4 2.7 -7.2 6.0
Mz (% of My) 13.3 0.7 11.9 15.4
k [Nm/˚] 0.14 0.01 0.11 0.16
210.0 25.4 144.4 245.8  [%]
(c) ASRI T6T12 Mean SD Min Max
Mx [Nm] -0.02 0.07 -0.19 0.12
My [Nm] -1.45 0.12 -1.72 -1.10
Mz [Nm] -0.40 0.04 -0.49 -0.30
Fx [N] 1.8 0.9 -0.1 3.8
Fy [N] 11.3 1.8 8.2 15.6
Fz [N] -45.1 7.7 -63.3 -31.7
Mx (% of My) -1.8 4.7 -9.8 11.0
Mz (% of My) 27.3 0.3 26.5 28.7
k [Nm/˚] 0.20 0.02 0.15 0.24
239.5 39.0 193.9 380.3  [%]
specimen within the IAR region found 
(d) ASRI T5T12 Mean SD Min Max
Mx [Nm] -0.17 0.05 -0.26 -0.02
My [Nm] 0.87 0.11 0.55 1.18
Mz [Nm] 0.11 0.02 0.05 0.15
Fx [N] 3.6 0.9 0.4 5.0
Fy [N] 4.1 0.5 2.9 5.0
Fz [N] -16.4 2.2 -20.7 -11.7
Mx (% of My) -13.6 4.8 -25.3 -4.6
Mz (% of My) 5.4 2.8 -8.3 12.5
k [Nm/˚] 0.16 0.02 0.12 0.21
251.1 32.9 153.3 290.6  [%]
(d) ASRI T5T12 Mean SD Min Max
Mx [Nm] -0.05 0.08 -0.22 0.12
My [Nm] -1.21 0.15 -1.54 -0.86
Mz [Nm] -0.33 0.04 -0.43 -0.23
Fx [N] 0.1 1.0 -2.2 2.2
Fy [N] 11.5 1.9 7.6 16.2
Fz [N] -45.5 8.2 -65.6 -29.0
Mx (% of My) -4.6 5.5 -17.1 14.3
Mz (% of My) 26.2 0.6 25.0 27.7
k [Nm/˚] 0.22 0.03 0.16 0.28
260.5 41.3 202.1 390.9  [%]
Appendices 
______________________________________________________________________________________________________________ 
- 63 - 
 
 
